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The Caliber .50 Erosion Testing Gun at the Franklin Institute has

been used for the pest two years in moakn firing tests on lines made

of a variety of materials and on gun barrels with a variety of coatingso

The object of the tests was to discove erosion resistant materials which

would- prove satiafatory under hyper-velooity conditions, namely, at

yrossurte betwome 36,000 - 58,000 poseie(Copper) and mutlze velooities

between 3500 - 3800 f.p.so with a 450 barrel. This report covers ap.

prowaately one hundred and fifty firing tests in which the following

materals were used either as lin or coatingso

Gun steel Fluorooarboa
Molybdim ~Proo Lub•ite
mone metal

Z-nickel Oxzited gmun steel
ZfrMOniU.Mnickel Cu an Cr
Tantalum Cr on Ca
Silicon, Steel Cr on Ni
Stellite #22 Cr on i ocu
Stellite, 121 or an (Cr-Cu) Lucy
Molybdoemm + Nickel Mo (vapor phase) on steel
Molybdonm + Cobalt No (spmyed) on stoel
9O No + 1.W Ni-W alloy
85 No + 15 W Cobalt
80 No + 20 1 80 Co + 20 W
6o C. + 25 re +-215 86 Co + 14 W
50 or + 45 Fe + 5 No 82 Co+ 18 W
60 Cr + 25 Fe +15 No Duplex (Co + Cr)

Duples (Co + W) + Cr
Mo (vapor phse) an StellIte #21

Of these materials, the ones which, as ineas, give promise of being

sufficiently resistant to withstand byper-velocity conditions are molybdenum,

tantalum and Cr base alloys, and the ones which give siil-a promise in

the- form of coatings are chromium and duplex plates with Co or Co-W alloy

as an. undercoat and chromium as the outer -4rajU-.
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.. ... . .....- YIrEN t1A.

SULAft!Y REPORT ON TME BEIIAVIOR OF LIU&HS MID A PECIAL COATINOS
.IRDMi CO'IDITTC?1J5 OF )AEUMVFLCITX

A. Exuleimental CorAdtiqnU

1.. b g.I The object of the testing Frogram sumnari:ed below

was to discover a pure metal or an alloy which could be-used as a short

linizr or as a ocating in a barrel of Sm steel so as to red'ce erosion sad

lengthen the ltfA of the bartri under henrveloaity eonditions. All of

the tests were rAde in a caliber .50 Eroeion Testing Gun at The Franklin

Institute under firing conditions which were chosen so as to give the

caliber .50 bullot a bypervotelpty hence tUs aooompazIng erosion =8

Vmdused at a rate which was accelerated in comparison with that usually

oxpeisenced. Double base powder containing 20% nitroglycerin was used

throughout (exopt where otherwise stated), the eact eharsteristies

required to give the nioessary pressure and velocity being deterinoed

separately in each test*

2. The CIb .AO Erosion Tsat4- Gun ha the folLowing cbsracter.

istics

Length of barrel 45.0O
Value of powder chamber pro-engraved, Ullets) 1*.,95 U.3
Volume of powder chamber ýBal 12 and A.?. bullets) 1L.905 in.3
Trawl of proJectile 40.8m
Land diameter 0.490 (or 00o.o)
Oroove diameter 0.510*
Height of ladIs 0.010" (or 0oC050)
Distance from breech to point where lands first

attain full height 5.19'

Caliber .*50 ball 12 bullets ere used in the 0.5000 bore and arti•ll7

type bullets (banded) and Pre-4mgraved bullets we used In the O.490

bore. The ohamber, the origin of rifling, and the bullet seat e hapd

to receive a 20w cartridge cao necked down to hold a caliber .50 bullet.

An assmbly of the caliber .*50 Erosion Testing Gun is shown an Fig, 1.

NI II I l l
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Two type. of brr,5l were QaIJ nauely, (1) a AS monobloo barrel

mAn (2) a 45" liner barrels

A description of the 451" monobloo barrel is shown on ?ig. 2

A description d•t the 45" liner barrel &nd the pressed-in liner

in place in the caTolr seotion, U• Bhom on Fig. g and Fig. 4,

The CA-lber .50 Zroniin Testing •", to desa•Lbe4d completel7 in

the report on the erosion teStn * n.

(a) P UC In each test the nerelabhy conditions of byvprerloelty

were attained gr adjusting the charge -s the result of mesuremente made

an the swvm preasurse durtng the first fe rounds, By combinifg a

certain per ceat of 'slom ppwder with the complementary per aest of 8t9UP

posder (differing In web thickmess), it was pousible to adjust the reoult•t

characteristios so as to create a muzim weure, vithin the ramg 56#000-

"08000 PAidCOPPer) Using tbesmewit of pomlero The donube bse" poodoe

used e ade by the Hercules Poder Co. and the single ban (ma tmpe)

pooders were uade by du Pent. The ohbraoteristies of these powders an

givem in Table I belw,
Tal I - ,,QN .MIM&M4--at Pos_ -mmU_-__ .n JAL v•-iy

IitrWOeUUlMOe 7 74.08 67
Iitregieeria 20918.83

Dinatrotolue -- - 8.74
Fotassm SIlpbate 1.09 0.99 0.65
Graphite 0*23 04,6-
DApwellamige 0.76 0.58 0.77
soio 0668 0.60 1.11
Total Vollee ". 1-.57
Coating (added) 1*72- k992- (DSTl)
Residual Solvent -- - 0,4

COIML=
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TableI (Continued)

Graa D2enion M3IU7 243 lZi1 1770,10709 2M9
Length (inches) 0.1735" 0.0906" 0,08?6"
Dieter (Onhe) 0,1561 0,0582 o,o699
Dia, Perforation 0.0109 0.0064 060071
teb, (outer) 0.0331 M-

Web (ave-ge) 0.0309 o.o24 o.o32
No. of Perforations 7 1 1

(b) .nllm A majority of the tests were fired with caliber 950

Bli U2 bullets weihig 700±10 grains, but in none cases either pro,

engraved bu1sts or those of artilry typ (banded) were used. The

weights of the P.e. and A.T. btalles were also maintained at 7000 pIais

The shape and dimensions of the artiller7 type (copper

banded) bullet are shown on Fig. s.

wre44Waved bullets (P.E.) were used in tests to eliainate

engraving stresses and determnel the resistance of the material to powder.

gas erosion alone. The shape and[ dimensions of the steel banded pre-

engraved bullet are shown on Fig, 6.

(o) MIS.nLZFi. Two firing schedules were adopted as standards,

one of 35 rounds and one of 70 rounds. These schedules ar designated as

Schedule I and Schedule II.

Schedul* I J 1) 10 ronds,- press ase and velocity
1 2) erosion
"1l (3) 5 v I, bullet recovery

Schedule 11 (1) 10 romns, pressure and velooitr
"0 I(2) 55 ' ,. erosion
" II (3) 5 * ,p bullet recove1y

The rate of fire Was 4 rounds per minute. At the ed of the

schedule the bore was eained, photographed and gaged. This process was

repeated until the total number of rounds was resahed.

COMDENTIA



For the testing of the Me liners more severe sohodules

were adopted. Those schedules are described under the chapter related

to Vo liners*

For the testing of the Uo plated liners leos severe

schedules were adopted. These schedules are described under the chapter

related to Mo plated liners.

(d) Pr-.u•ume d Telcoity. The word whypervelocity' Is used

in this report to indicate a velocity within the range 35W0-3800 pme.

when e aw On barrel is used. In order to give a caliber .50 bollet

such a velocity the maximus pressure In the barrel must lie within the

range 56,000-58,000 pui.(eopper)e As erosion proceeds both pressure and

velceity fall, but the conditions of these teest were such that the

Initial velocity lay within the prescribed range for each.

Nesurnranse of maximum powder pressure were made by meens

of a copper cylinder crusher gage, the accaracy of which is estimated at

o. These *copper" preesree differ by about 20 per cent from the true

piesoeleetri sa of pressure.

Veasuresmts of velocity we de by aeans of two screse

37 ft*. apart omnected to an Aberdeen type chronograph. Th. first screen

was 8 ft. from the muzzle of the gun* The accuracy of this equipmeat Is

estimated at 0.5%. The velocities reported, therefore, are Instrumental

velocities at 26 feet from the muzzle,

4.ZCoeRtEgs or Liner. and Coatinge. An examinat ion of the pbys-

Loa]. properties of metaU and alloys, suppleented by vent plug tests,(1)

(1) A-148. "Metals Tested as Erosion Tent Plugs" by Loeffler# Phair and
Jerabek.

• i~i ii



has indicated that certain onom might posseas the roquiuite charaotoristios

for ueo as a ahort liner in a barrtl of Sun steel. Since the behavior of

a given metal in a vent plug test often differs significantlyfrom its

behavior in an aotual firing test, liners, varying in length usually frm

5 to 8 inoh*e@ were made and introduced into the.Erosion Testing Guns

The pure metals and the alloys listed In Table 11, togetber with sme of

theirhp iluom properties, were thau tested In the fors at le

Table II shows the chemical ooeitioa of the gu steel ued

as a coantrol and several alq used in making Liners.

The properties of an Ideal eroion-resista•t material are well

described in the Report of the Resistat Materials Caomittee of DIVIsim

Ono, 15 enmy 1944 pap 8, as followms

*(I) A combintion of high nelting point, hig specifle beat ad

high thrnal a iutivitys such that the mazlimitmprte attained

by the bore surface will alWum be well below the melting point of the
- material

"(2) A high resistanee to chemical reaotion with the powder gaes

at the tomjutarse attained t7 the gases, ad the bore material.

' A high resists o to thermal shook as evideneed by a mrnini

tem~y to crack: uner the rapid heating and coo Ing cyelse.

'(4) A high resistance, to nechamial" abrasion.

'(5) A hot hardnesm sufficietly high to preMtplnti defomaion

of the rifling under the engraving stresses at the maxim 'temperatue

attained by the bore surface.

$ - 1IM
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dA'.1 ltI O ;( i Z. A. b 'J 4.1 v? if

AF (it).V 98J6"I, k

MICII Z'ntta~et. * -. ~(I

cobalt (cast) lL4
1
(d - O.W4) 16s'.a

Copper (test) 14.x.91?J~4 . .( .i' )( 40)("SI

volybdiefam n8S411ib - S.7(L¶I 04"(6)~ Mo &MO 1340911 lZ01

* No'. rolied 6UA
1  

49 (a) ig(.W

Tuagtta 0.4() - 4.5%5) Q*47g5 3910(s) -

SOJ so 9 I.J as - z"W) 1 3 (lov) 943(1.9)

Nta' roiled Uri(Sb .-.--

U is a ma3 t--- 75(.) 196UP") 1S(;L.W)

63 r.KS eCS - - 4.*54 w 7)4,) 4.(4.W) 4,N)

53 Cr# 9* V..Sfo - 263( - 94(41 s@''

60r K C1N - - 4(4) (.1
4

) I17.,0(A1 47,,4.V) (4y

60 C. * 6 b* fio - .a0g*-

* 1. fletaa wAn Alloys Data book. "~t. 1248. A. *pproulndte-
8. Report of Comittee an Resisteal materils. June 1. 1944.(3. fapoas-Stetit.eCnw
4. Cliuex volybdu.. Comanyo.
S. 11andbmmk'if It~stes and Choeate", 1944." : 6. 1tar.ationa Crittic ables 7.51...OW rt~LLj.-k!.
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B3. CQ!4"1*RflL TESTS

1. Erosion of Gun Stall. In order that comparison can be made

between the erosion shown-by gun steel wAn that shown when liners and

coatings are used, It is necessary to establish with some care just how

the progress of'erosion takes place In an unlined, uncoated barrel of

gun steel. For this purpose, two firing testa, used as canticlo, were

mae und3er nearly Identical conditions with each of three types of bullets

namely# Ball Y-2p copper bended artillery (designated hereafter asA.?.),

and, pts-engraved (designated hereafter asP.E.)

The term erosion Implies the gradual enlargement of the bore

with the resuilting loee In pressure and velocity, l oss In range and law

creased accuracy dispersion. This increaset In bore diameter may occur

either by (1) camia attack, (2) thermal effects -(such as melting or

softening) and/cr (3) mechanical effects, such as swaging of the lands

by the eingrauing stresse and abrasion by the bullet and powder,

(a) FzosMU ReJasitt Proimertim of Gun S5t..l.

Although the physical properties (tensile strengthl, yield

point, ductility,, ae*) of the gun steels are very good, the thermal wad

chemical properties are not suitable to give good performance In ahyper-

velocity Pun.

The talurts, of gun steel may be attributed tot

(1) Low Maelting Point - The high potential double bass

powders necessary for an efficient hyper-velocity-gun produce bore surface

teipeatuesIn the vicinity of the melting point of the steel. (14%0C).

(2) 2hra rnfi ti ofQjZ -h telSre A ohemi..

cally and thermally altered layer is formed at the steel surface after m
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rounds The depth of this altered layer Is.& function of the flame

temperature or th, powder gas. This ultertdlayer is leas. restitant to

erosion*

(3) L bet udness - Gun teel (Z 41") shown a sa"p

dowrd break In the hudeswas vs temperatue nd the y•sed point vs

temperature curves, At the maxmum temperature obtained by the bare

surf e a lowering of the hazdness penmits platsl deformation of the

lands to occur under the engving stressm .

(4,) P,•4' sia,, n.. tol-,a1�,. , al . , Sio a n Sp oteel

Is essentially iro, we have to deal msiny with the chemistry of ire.

At the temperatures attained in the gum the powder Saem can react witA

the Iran In the steel to form arbides, axideeps, miphdes and nitrides.

The orcion of gun steel, Irespee.tve of th powder and

the bullt• used, starts at the origin of r•fiUMn and advances toward the

essule as the unber of r ds Inoreases.

It Is ehamoaterised bys

(1) cracklng of the bore surftes

(2) "nelti"n or softening of the bore uwfao

(3) swging of the lands

With double bas poyder a definite crack pattern an be eem

after a few rounds. It has been shown that an altered layer fheu during

the first round fired and melting of the land corner Is also observed after

mue round.

Sugagqn of gun steel is usually overshadowed b7 the effects

of thermal erosion.

COII.TA
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(b) tjý0.. TV..2 with'A4--1 7-2 Arfti~lrv Tvrng
L,_T.'r. ga- br;.,v• ,. Ullats.

Two control tests for ano' type of bulet eors Marzad uAing

iruuble base powdwe

The Incroese In bore diameter# the loss in ,reauure and

"wlocity -rd the round number for a losn in vtloolty of 20') fps are

tabulated In Table IV.

e -P rlson of Chanell in ;ar. Di•jnALo Aid •al4litigs

AV =-200
Firing REde ?o Vo A? afte AVaftar AL A- fP ater-

S1 U5 57M0 Y - .29- 14-6 7.7 49
E 1%) 1 U15 62600 3720 .15M00 .2" 16.0 1.0*2 55
c(F6) 1I 150 5P70 3700 ..1570 -315 23.1 11.8 90
C(FI2) II 150 50 3700 -1350 -330 18.7 10.7 100

,05) 290 57500 370 - 7900 -2PA 23.* 19.6 215
L(409) II 290 57500 3705 - 7OO -30 19.9 14.7 25

A eamperias of the distribution of erosion along the bore
surface Is shown on Figures 7 and S.

A omuparison of the progress of aroolon for the lands &ad
grooves at 0.5 Inch beyond the origin of rifling is shown FIgures9 ad 10.

A oomatrison of the proffess of velocity and pressure obange

is shown on FigwUr and 12.

The Abov data shows that

(1) Conslstent erosion results can be obtained whem firing

conditions are oIsely controlled*

(2) Pre-engravwA bulets elimate the wear factor due to

engraving stresms. The eroolon observed with P.7. bullets is approximately

half of the erosion obsoervt with BI,-2 and A.T. biaets.

coL, .TrAL
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(j) The proeret!3 of r~rosin ourves show that .the rates of

erosion for 77,l '-2 arnd A.T. bulletu are teo same for 35rounds. After

35 rounds a sharp braak occurs sooner in the curve for DB11 Y-2 bullats

bca•use tha riflIng Is only -.003" deep. With A.T. bullets the rifling Is

.010' and the bro•ak In tho curve octurs after 70 rounds.

MUM
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1. Nolyhhenut v..sl 'AoLylyienux Alloyij.

The -zolybenum -,nd nolydbcnum illoy Lir'ira de(scribod in Vuia

voction wore ?rtpýred by the I!.atiighxj)u.e IRose,,rch Loboratories :,t

Faut Oittuburghp 'a. under ContraCt OUS-ar 915 tro* alloyu m- da by

Via Weatinghouue Lump Division at Bloomfiold, S. 3. under Contract

OEM-sr 1205. Thu details covering tno manufacture ,nd the propertios

of tho vzrious molybdenum liners 2ubaltted -iy be obtained from the

Westinghouse redort.

(a) Frosion Resistant fropo-rtieu of Iod~bdeguM and oolvb-

deanLs Alla. The high melting point, better t4ermal conductivity

and excellent cbehict-. propertieo of molybdenum should produce liners

that ure very re•titat to thermal and cu"eaIc attack by the powder

gass. However, its metvod of m.nufacture from powder by powder met-
alurgy gives at.,;,].ri til t is poor in phyuicsJ, pro erties unless the

am.terial is given the proper work 3nd hent treatment, Bnrs worked

well in only one direction give a anterial that has good properties

in only one direction.

Many of tAe early liners teoted did not have sufficient

working and consequently they failed after a few number of rounds by

cracking and spalling of the metal from the surface. These early

tests,, however, showed the superior erosion resistant proerties of

molybdenum.

Low Hlot Hardneas. Molybdenum hbs been shown to be too

soft At the temeratures reached in a gun to w.thbtand the engraving

CONFIENTIA
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areai,. UnlLus the do h-',z been hardened tWLe bore vdll Ž,nlarge

becituse of the flatttenig of the liudo ::nd a dro? in pressure and

velooity will be obaerved even though tie materitl is resLstant

to the po•der goses.

Low Coefficietit of Eapansion. The therml coefficient

of exp•nsion aof molybdenum is le•a thc h•,lf of the coefficient of

exanmion of gun steel. In long erosion burst& the liner has moved

so that the rifling is out of line In cases where the interference-

fit has not been great enough to hold the liner.

(1) Types of Failure. The types of faiLare observed

In Uo liners may be attributed to

Low Steueth and Ductllit,. This can be correoted

by proper working and heat treatment to produce the proper strength

and micro.tructure.

Low Hot Hardness. This can also be improved by

alloying witA Ni or Co snd proper working- and heat treatmest.

Low Coefficient of rnusio::. tis can be corrected

b,; insertion in the carrier under a high shrink-fit Interference or

asseably in a carrier of the prow coefficient of exiunsion so that

support of the Uo liner ia maintained at all temperatures.

The types of failure observed In 2d liners tested

c'n be grouped as followas

(a) Swauing of lands at O.R.

CCMFIDENTIAL
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(b) lJovw-'nnt i•f the Liner.

(1) For.rd movement of liner .uaing, tile

Joint boneoth thie cartridge c€'e to open.

(Ui) PlA3tIo flow or metal ("ironing") toward

the muzzle end of the liner causing a constriction At the end of the

liner.

(iii) Warping of ttvws @&ualng a oonstriatitn

at the breach end.

(iv) Rotation of liner causing a misalignmeunt

of tne rifling.

(v) Opuning of the semsea

(c) Cruacking of the Liner.L

(L) Long.Azdlinal cracring - this usually

occurs In the center of the groovee.

(IL) Transverse cracking.

(iii) &wfae cheokerwozk cracking caused by

the thezralu stresses at the bore surface.

(d) Scall~ia of the MEetal,

(L) Along the edges of the seams.

(LL) At the land crossing of straiht seams.

(iii) Emanting from tool wrks on the surface.

(b) grosion Tests on 0o0y.denug Liners.

(1) Variables Tested. The following vurlables .. re

tested in the firing tewts outlined belows

(a) Composition

CONFIDEUTI1,
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(b) S•ooth bore and rifled ltutcrs

(c) ZS,4-lazs ril muLtt-at..Ve Utnors

(d) Itr:,i4ht fnd hel.ioal twistod liners

(o) Precision twistod liners

(f) Liners with rind without jhoulder

(g) Varying interference between

liner and carrier

(h)) Linors with and without body taper

One of the most impotant variables which was hard to

control was the mLoroetaucture of the material. The progma has now reached

a point where material having good microstructure can be coneistently

Produced.

(2) Firing Schedules& The superior erosion resistant

properties of so sad* necessary the use of a more severe erosion schedule.

Schedules III and IT were used on the lrat group of molybdenum liners. The

properties of tha molybdenum have been improved in the 1:.st liners tested#

so that the most severe f13-ng scheddue IT has now been adopted as standard

for superior erosion resistant linors. These schedules are as follows,

10 rounds Velocity & Pressure Group I
130 rounds Erosion at 6 RrP.M.

After examination and gage measurement the process WAs

repatd to failure.

3 -3IIDF. TM
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ý '~,!dula [V

10 rounds VeLocity u Pretsure ) oru
9j rounds Erosion ýit 10 ta 10' I•.?.U. )

10 rounds Velocity ýi Preasare ) Ores IL
19U rounds ErosLon tit 10 to 16 ••.?•. )

10 rounds Velocity & ?reasure ) Gr up III
OJ rounds Erosion at 10 to 16 iB. P. )

10 rounds Velocity & ?resaure
230 rounds Brouims at 10 to 16 ,..•o) Group IT

10 rounds Velooity & Pressure

(3) Barrel Temperature Reasurementm. Temperr.tare meas-

urements viere u-de by attr.ohing iron-oonutantan taermocouples on the

outaide of the barrel at 10-1/2' from the breech. The tlihrmocouples

*ere piuaed In the steel ourfroe '•ocording to the procedure described

in the Leads a Northrup Report under Contract 0E1-or 536.

The barrel teoperaturos reached In each of the

firing schedulas are as fUloau,

Temp. after 20 55 90 130 190 230 290 rdn.
Schedule

950C -

II - 1@C~ . . . ..80

III - - - 330C - - -

IV - - 284•C - 416 5000C 5020C

(4) Suu•ma' of Eesults, Table V gives a ciironological

list of the molybdenum liners tested in thin program* Tests prior to

firing test E(F33) were made on Mo material that bad inferior micro-

structure and hence inferior physlcal properties. The details of each

firing test tire given In the Apesadi. A summary of the results of

I OII I I' 1, , I
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(a) Imooth bore linorss Tio first Jao itnors

\te.tod h d Iiforior jVy&4c'il properttes ":iu fnitud L• toe first fer

round;; fired. Emooth bore linors %Nere touted to elLiylz.to the ma-

chino tiirk of rifling until ariteritl of uattaftctory ;-trength end

duattity could be produced.

Five sooth bore liners were tosted

(PF,7, -E-7lOv F,-IFl, X-F12).

(b) ,ales•ge mnd itulti-etave linerst The ftru;t

five Uo linors tested (Z-P5, E-F6, E-F7, E-7lO ^nd >-FiLL) were

drilled trom stoged bars. Thes. Li~era ft•o.d bodly by longitudinal

cracking becauask of inferior physical properties.

All liners teoted since tie$e h~vo beesn m.ds

in the form of rtaves. The sta*ve liners permitted the use of wlyb-

denum h,,ving louer strength and ductility. As there properties are

imprdved it =ny be poaiabl. to use seamleia liners*

Two-,tzveo four-stAvo &nd tea-stave liners

hi:ve been tested. In the Caliber .50 gun there hes been no advantrge

In making a litter with more thnn two LtVves. A theoretical discussion

of thse. stresses in multi-stave liners iU given in Armor and :Orncbce

Report A-273 by Brace and Uarden.

(c). Straight and helicail tlistgd linens: In a

mvti-stave liner with straight seamsp the seems between the staves

CrOUS the landse. There wias been serious" spelling and teo-ring of the

metal &t these lznd-aeft orossings due to the impact of the bullet on
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.utorial of 1o4 .trcngth ej ductkilty. t., t.i ti i; t,,ril h. J boen

Lrl)roved tia extent oe failurq .t tine lund-.;o'a cro.i,-Liit h!.a Loeu

roduced* However, it cma be t'.tod th;t z. holic:'l ti,,stod twio-at.y'o

iUer a&.do with molybdenum having the beat :)hy3scnI pro,•rtium pro-

duced today, 14 in better conditiLon than a trn•ght too-stLve liner

after being fired tae uieme number of rzunds.

A cospr.riso of straight and helical twisted

liners is sham in Tests E(F47)and E(?49) fired 1133 and 2022 round#

respoeetvely. (See Appemdiz-pe 1II and 112.)

(d) t.f•ot of intega bhoulder. Tests E(73.3)1 E(?36)

1(139) and E(157) were mudo on liners without an integral shoulder* All

liners tested to &to r ndo without sin integral shoulder thit were fired

on Schedules II and IT have iiovrd forward and produced an openLng at

the rear Joint benoath the cartridge cvose Extrusion of the brass case

Into this opening prevented extraction of the cwse and stopped the teat.

The results of theao tests saow that a liner with

an integral shoulder i3 necessary for the best 'arforsance, using the

best io that iS now available. (See Appendix-p•g 1 17 and 117).

(e) Precaion twistinz of staves* The atzves in

Tests E(F42), 1(745)v E(154) and Z(155) were precision twisted by the

Westinghouse Resear•ki4aboratoriee at East Pittsburgh. The other

twisted liners were hot twisted at Bloomfield and them machined to size.

The results of the test show that wioth good ma-

terial there is no advntago in performance with a precision twisted

lAner.

CONFIDWIIAL
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(f) VF-rylni zitnrf'irokiin b~t.'ioen Iliv~r lind c&rrriý!.

"Al tiiioru t..Ated ix4 Lnterfurwne between Vin Ihlwr na the currLir.

This Literferenoe vitrtLd fr,'3m 0.00150 to 0,0)4" on t.ho dlinmetr.

The touts showo Uth bv•t p•,rtormtnoe Ls ob-

tained with the gr'toast interference. It U, necessary to cool the

liner and hast the c.rrier when there is ln,,ortion intorf.rence of

003' and @004'.

(g) Liners with tnd without body toper. One liner

was inserted in tho carrier without any oody taper and fired 2u24 rounds

in Test Z(75). Compared with its companion tmt X(F49), vhioh was

fired 2022 rounds# the taper did not affect the porformaoe, Body tapers

bowwerw, makes the liner insertion easietr. (Sao Appendix - pages 112 and .14).

(h) £22 .ition ?ure moJlybdmnuu bas been shown to

be too soft to withstand engreving stresses. The addition of snall a-

monats of nickel end cobolt and 15% tuagatea improve the strongth and .

hvrdness with tCe same amount of forging (hot working). A comp.,rison

of tate effects ?roduced by the addition of these metals i" shown in the

following table# The Fdvance of the 0.5050 land &-ge gives a good

measurement of the extent of' swaging of the lands.

B C.mosition Advance of 0.505' Gare after 300 rds.

EI 756) 2Eo (pure) + 1.029
7 Y(45) No+ 0.01% 1i4 + 0.07

1 F36) q + 0.05%Mi + 0.99
47) o+ 01 % Co + 0.05

"1Z(49) Vo + 0.1 5 Co + 0.03
X(F5Q.-)go+ 0o01% Co + 0.07
S(Q41) no + 15% V + 0.24

Those results hmve shown the composition with
0.1% Co to give the beat and most consistent performance.

CN)F1D-"7 TIAL
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The &luperior erosion rezutr.nt )ro.ertica or

molybdenum rre elearly anown lan the following t.,bLai, ,-nd curves.

"Tnblos VI and VII compvre tits erolon re-

siutnnte of Jo r nd gum stool.

The groove gtage seo-auretents ore thkea is being

more ropreuontative of resis•taee to g•a erosion.

TADL! VI - CCMRtS0N OF ýJDVAJOCJ 0? GR0VF gG;0S

Gun Steel Gun bto*L Molybdenum Mo + 0.00 Co
-Gor afer ]15 LRds. Lfteg 70 ids. After 29L E.do* After ;22 "dA.

0.513 + 6.87u - + 0.005 + o.16"
0.515 + 4.25 - + 0.07 + o.14
0.517 +2.37 + 6.00" + 0.07 + 0.09
0.519 + 1.45 + 5.29 + 0.07 + 0.03
0.521 + 0.88 + ;4.75 + 0.07 + ,o01

Colum I.- Using 20$ MC powder and Ball 11-2 Ballets
Column 2 - Uaing 40% MG powder And Bq1l V-2 Bullets
Colum 3 - Ut, ng 40% 110 powder and Ball M-2 Bullets
Column 4 - Using 20% NO0 po.der and Ball U-2 Bullets

Filrre 13 compares the profile of the grooves of gua

steel liners fired (a) 70 round& with 40% nitroglycerin powder, (b) 115

rounds with 20% nitroglycerin powder and molybdenum liners fired (a) 294

rounds with 40% nitroglycerin powder and (b) 2022 rounds -ith 2G% nitro-

glycerin powder. These data show the absence of any powder gas erosion

"of the solybdenum surfrtoe even with the highly erosive 40% nitroglycerin

powder.

The land ggeg me,. suresents- in Table VII show the e-

tent of swaging of the molybdenum.
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r., BUt; VII - CcJPPL'i F W. X NCF Or LJI trn Qc

Gun 6t,:Oq ',to + 0. 1% Co
1,tur 11'. Eux. !.fter 2022 Rds.
Z,,A Us, Zl NO Po+der " NG " owdr

0.541 + 180.7" 4 5,+"l"'"
Q.454 + 1.5 + 2.96
0.505 + 11.3 - 2.15
Ui.507 + 9.0 + U.17
0.509 + 6.6 - 0.04
0.,511. ...... - * . 9 "- o.15

Figure 11 oomQwbres the profile or the Lunds of

a gun bt,-.l litior fired U15 rounds with 20% nitroglycerin powder

and i molybdenum liner .fired 2022 roumds with 20% nitroglycerin

po*der. Since the groove grgem showed no powder g&a erosiong the

change in the . nd-profile of the olybdmnum liner is due entirely

to the as.vging nction of the bullet.

A oomp?-rison of the pressure cL:nge with gun steel

liner in bhown on Figure 15. During the test of E(749) the solyb-

deaun liner outl•sted three new chrome plated muzzle aections.

A summary of the results of b1l the molybdenum

liners tested fter Test E(F33) is given in Table VIII.

(5) MetuUlographio Examination* Sections of so.oe of

the fired l.iners were jent to Hirvard University for metaLlographic

exaialnation.' The results of these examit-tions may be obtained from

the Hexv•r.rd leport on "Meta11.ographio Examination of Gun Liners and

Coatings Tested under 4ypervelooity Conditions".

CrŽNFIbFIITIAI..
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Th., results obtained in testing, the 'I.iyl-dernze liners

shows

(a) ¶Ay1h1eiAL-i is ca-illetaly rogis'ant to powde e

attack. There ias no 6ronion arter 29h. rw.~nds; with a double bass powder

containing 40% i~troglycerin, or titter 202A, rounds with-a double base

-powder containing 20.% Witoglycerin.

( M)eh failures observed in the ;ometal now being

produced are (1) Longitudlinal cracldng- (2) Spealling, and (3) Swaging

of the lands at the origin of, rifling*.

(a) With the 1 wesent, Vo metal the foll~owing ooapoel.

tice and design, characteristics- have given the. test result In a liner

for uxlrnm performance under hypervelocity conditions&

1, Composition - M~olybdenum + 0.1% Cobalt,

2. Two.4Stawu Helical S~eems hot twisted.

3. Shoulder - 0,830 to 0~,40" 0.0. ulth l/328
face and 3/4u length.

4.Body of Liner - 0#7700 to 0,7800e0D9
7-3/eff length with ta-per 1/32 in/ft. an

5. Tnserted In StawndPnrt Carrier (see Fig.,A
with 0,0)34 interference on the dianeter.
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. Chrome Bnge Alloys.

The chrome boise ,,.loy iners described tn tlhi #..ctLon

were preparod by The Climax Molybdenum Copeany under Coantrect OYU-

or 1273. The details coverin. the methods of mrcnuftcture imnd ?rop.-

orties of the varboua liters submitted ivy be obtained from the

Climax uolybdenum report.

(a) yrosion Reistaut Prooerties of tin, hrome DAe alloys.

Chronia has a melting poaint timt is high enough to resist melting in

the bore of a m and I& also chemically re&bathnt to the powder gaues.

Erosion vent plug tests (1) have shown thWu motaJ. to be one of the few

matals th•it La rosiatant to powder gas attacks Howeverp the phyuical

properties of solid chromium are ver poor in that it is very brittle*

The object of the chrome base. alloy program has beem to find sooea al-

loying agents that would still retain the erosiou resistant properties

of chromium and ut the sune time impart ductility and strength to the

resulting chromim alloy.

In the Liners tested iron, tungsten -.nd molybdenum have

boen zdded to chromins In vnrying percentages.

(1) Tfres of Failure Observed. In general the types

of failure obeerved in the testing of these Liners wiy be attributed to

Low Ductility. The longitudinal crncking observed

In all tVe liners tested is due to the inherent low ductility contrib-

uted by the high percentage of chronium in the alloy.

Large Grain Size. Severe checkerwork cracking is

observed, eaused by the thermal stresses set up on the Lore surftce.

These cracks usually follow the grain boundaries and because of the

CONFIMAJTM)
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brittleness and l?,rge grain skize of the ..Iloy, Isoli tod..blocka of

the alloy are tora from t"e rf.-oe thereby p~roducing s .everely

pitted appearance.

The types of fullures observed are us followse

(a) Longitudinal cracking of the liner.

(b) Trr.nhverse croking of tie liner - observed

only in Test 9(758).

(a) PItting of the surfaed.

(d) Voluae ciange producing a constricted

bore thereby resulting in excessive powder pressures.

(e) Slight erosion of the bore -urface - only

in the liner containing 4% iron.

(b) Erosioa Tests on Chrome Base alloys.

(1) Vvriblos Tested. The following variables were

tested in the firing tests outlined t3lows

(a) composition

(b) MetAod of supýorting liner in cprrier

(a) TiM-stave - 1.traight-seam liner

(2) Summarr of Resultse Table IX gives a chronological

list of the chrome base alloy liners tested in this program. The de-

tails of ebah firing test nre given in the Appendix. page 118.

The best composition teuted to date is 60% chromium,

25% iron and 15% molybdenum. This composition is resistant to powder

gas attack and is also hard enough to resist swaging at the teapera-

tures reached In the gun.

C oI~IU
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The results or naI the liners tested may be sixriarized

by stating that they all, failed due to cracking: longitudinal, transverse

and nurface cracking.

The method of Inserting the liner within another chrome

base alloy liner so that the inner liner is under high compressive stresses

failed to prevent the longitudinal cracking.

One liner was made in the form of 2 staves (Test 9.-58)

in an attempt to reduce the longitudinal cracking. Results showed the

2 stave liner did not reduce longitudinal cracking and that transverse•

cracking appeazed. This Is the only liner in the chrome base series that

showed transverse cracking.

The test data on all these liners, howmre show the

chrome base alloys to be superior to gun steel and stellite #21, but In-

ferior to molybdeni.

(3) U2tlgcMrahie -mination. Sections of the tired

liners were sent to Harvard University for metallographic eoainatie.

The results of these examinations may be obtained from the Harvard report

on " etallographic zLaination of Gum Liners and Coatings Tested under

Hyper-velocity Conditionsm.

The composition 60 Cr + 25 Fe + 15 MIo is erosion re-

sistant under conditions of bTpe•-velocity. The hot hardness is also great

enough to resist swaging under engraving stresses.

The elimination of the tendency to crack and the reduc-

tion of the grain size will produce gun liners suitable for a hyper-velocity

gun.

CON;FIDETIAJ
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3. Tnntnalum Linor.,

TA, tantalum li.iors dosoribed in tVIL Lcotin werf: prey:red by -

tLau tanatoel Uetallurgical Corporation.

(a) Broolon RotsItVint Prr rti•,- of T-nntaiu43. 16,roslon vent plug

tosts(l) have ehowu this matAl to be one of the few metals thAt ia resistant

to powder gas attack. bince the nelting point is soiewhat higher them molyb-

clnua It is not aurprising that tWie surftse of a tantalum liner should s&oW

no silps of thormal erosion by the powder gases.

Hoý.-erev, because of the scarcity of the metal it could not be

aupplLed In the quantities required for gun linenr

(b) FI'rorin Tea•t on Tantglus Liners.

(1) VriableI Tested. The following vaiziables were tested

in the firing tests described belows

(a) Smooth burs liner

(b) Rifled liner

(2) Su~arr of Res'ilts, Two liners were tested with double

base powder. The details of those tests are given in the Appendix (pege 12).

The results of these tests show

(a) There was no evidence of powder gAs erooSion

(b) Roughening of the tantalum surfaee in•ic:tted there

might be some galing action between the tUntaluu surface tnd the bullet.

(c) There was no cracking of the surface. This indicated

the tantalum has a high resistance to thermal shock.

"(d) The tantalum teated was not hard enough to withstand

the abrasive action of the bullets. Further work would be necessary to harden

CCll li l II I2ii i



the tantalum to make it satisfaotory for a gun liner,

(3) Cncigns.
Tantalum reslits erosion under hyper-velocity

conditions$ but its soaroity prevents its use as a materIal for gun

liners*

CO7IET&
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4. Stallite-Liners,

The itellite liners described in this section were bore-drilled

and rifled at the Crane Company under Contract OEM-sr 915.

(a) Er-sion Resistant froyerties of Stellite. Stellite is a

"*hot-hard" alloy, having a hardness high enough to resist swaging of the

lands during engraving. It is essentially a eobalt-chroaium-aolybdenum

or tungsten alloy and Is resistant to chemical attack by the powder gase*@

However, it has a melting point lower than gun steel, being

220 1300O0.

The property of prime importance Is the high resistance to

bullet wear (swaging and friction).

(1) T:Mes of Failure Obhered. In general, the types of

failure observed in the testing of these liners nay be attributed tot

Low Melting Point. Melting of the surface in all

liners tested with dou le po (flax* teopwature 350*K).

The types of failures observed areeas follows:

(a) Melting of the bore surface by doble baa

(b) Surface cracking caused by the therml stresses

at the bore surface.

(b) Erosion Te"s on Stellite Liners.

(1) ! .Ub esyA. The followingIvariables Were testId

CQ.NTIDZNTIAL
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In Uie ftiring tests outhlLiW beloni

(,a) Cn;)oozdtton. The i'tellite #22 lizirs h- ve approxi-

artoly 4,5% tungsten and In the stellte #21 linirs the tungsten Is re:)aced

by molybdenum.

(b) 2ropellant ?owder Co'goosittogi Stellite liners

were teoted under hypervelocity conditionas using the following powders having

different potentials and fleme toaperAturest

RDX Double Base

Nitrocellulose 86.70 50.0 77.83
X itro5lyo•rin - - 20.09
Dimitrotolual 8.74 l,60 (coating) -
Cycloaite - 45.0 -

Dibutyl Tartrate - 4.5 -
Potasiuim Sulphate 0.65 0.7 1.09
Diphaylaulne 0.77 u.5 0.76
Adiabatic Flame Temp. (OK) 2940 2965 3560
Velocity of Projectile at

26 ft. in f.p.s. 3500 3625 3700

(2) Summary of Reau-.ts. Table X gives a list of the atel.lite

liners teoted in this program. The details of each firing test are given in

the Appendix (page 122).

The results of the liners tested show:

(a) Stellite Is not resistant to thermal attack by double

base powders. Malting of the surface occurs during one round and It Is prac-

tically Impossible to establish load.

(b) Stellite is resist•int to attack by single base

(Mr Type) and IIDI (CR. 1 Type) powders at the slow rate of fire In the C&l-

ibor .50 Erosion Testing Gun.

A coimpsriaon of the extent of failure of the stellite

Llner with double bse powder after 85 rounds# vith Uf powder after 1562

CQSPIDMNTIAL.'7,
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rounds and RDX (c.1i) aftor 1023 rounda in ahown on Figure 16 and

Figure 17.

Figure 16 gives a comparison of the prnessure

change as a function of tl.e rounds firod.

Figure 17 given a comparison of the advance of

the land gages and shows a profile of the respective bores after the

above number of rounds.

(3) tc31D-

The success of a stellite liner in any particular gun

depends mainly upon the a o1 h2A (heat input) transmittod to the

bore surface.

The amount of heat transmitted to the bore surface is

determined by,

(a) The flame temperature of the powder, (b) powder

charge, and (a) duration of heating; and in a particular gun the heat In-

put to the bore surface can be changed by -

(1) the rate of fire, (Ii) the length of burst,

(ii) the cooling interval between burst, and (iv) the roughness of the

bore surface.

Simc it has been shown that stellite is resistant to

IMR and RDX (CR.l) powders in the erosion testing gun at a rate of fire

of 12 R.P.1., this will not be true when the cyclic rate of fire is changed*

The low melting point of stellite is a limiting factor

in its use as a liner for a hyper-velooity gun.

C01,IDENT
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.5 INictkel V11s6 AlIloyil.

The tUiatle utreugth 'and hot h rdnoas of uon.,- nLckl. AL-oys,

especially Z-ntckel., t.re alitibf.ictory for gun linurs.

Table XI gives N list of the nickel b*. uloyai tcistcd. The do-

tails of theue tests tre glvnn ia the A~p,ýdlix (Pe 1 ).

Thi test d' ta showt

(1) *Lonel ut&.l. gave t~e sane groove ersion hb gan Aetal

but ta. land erosion -m!. twice .a great. This indicates greater bullet

w.ar of the monel metal inzda.

(2) Z-nickel. The erosion observed was unlike thit of gmi

steel in tiat the deep thermal cracks were abbentp bit the surftý.ce of the metal

on both lends and grooves kind a pitted appearance Pi if chunks of matal hrA

been torn loose from it. Gage amesureaments showed thrt the loiss of metal

differed littla from that of gu.n steel under the stie conditions. This type

of erosion# namelyp where cracking takes place along the crystal boundaries,

is char'tcteristic of nickel and Its alloys.

(3) ZIoigaluh nickel., The grooves showod little wear but

severe thermael cracking around the nickel crystals. The lands were worn

more severely than those of gun steel under the same conditions* For two

Inches beyond the O.&R the lands were flattened out showing insufficient

strength to withstand the engrav•ng stresses.

(4) NCongluso Nickel base alloys fail by Intergraular

attack and are not aulsble as gun liners under conditions of hyperveloaity.

CONFIDFATIA.
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".. ~6, .. Stlicoi bta:ol Ll,,.r,

X-ray exaAl'. teon, by Dr. ?ogijnnk or tCle Gcu)jhyic',1 Lhalb)rntory,

of the bore aitrfnce of gwu fired with double betse poxder dhowdu , high per-

ceotage of oxide of iron. Firing tosta with iron powder *nd fensr lZijo

powder mixod uith the double btao powder by Dr. Posjnak shownd that the

reducing properties of ferrosilicon poader hhd prevented the formation of

iron oxide. It was hoped that the addition of ailicon to uteel would alas

prevent the formation of iron oxide on the bore surface.

A liner of silicon steel, containing approximately 4.7% uilloom,

was fired 7 rounds* The liner cracked so badly it was iposasible to continue

the test* The grain size was so lUrge thst the material was too brittle for

use as a liner material.

,ONFIVENI~TAL



1). FILM AND gOATTZ3GS

The electroplating of the liners described in this section was

done at the National Buroau of Standards, except where otherwise Indi-

eated. The conditions and details of the plating procedure Way be obtained

from the Bureau of Standards Report.

(a) L-osion PeiaLtant Properties of Chrcmium. Chromium has a

melting point that In high enough to resist melting in the bore of a gun

and is also chemically resistant to +he pcwder gasose. Erosion vent plug

tests (i) have shown this metal to be one of the few metals that is re-

distant to powder eas attaok.

However, the metal has very little ductility.

(1) Lrs of Failure Obsorved. 1a general, the types of

failure observed in the testing of chrome plated guns may be attribated

tot

Low Ductility of Chrow flate. The ohecker-wark crack-

Ing which appears on chrome surface is due to the inherent low ductility

and brittleness of chrome plate.

Formation of Altered Steel Laver.. See paragraph (f)

onpage 46.

The types of failure observed are as follow.:

(a) Cracking of the chrome plate producing a block

pattern.

(b) Pitting of the chrome plate caused by the removal

of a crack-isolated block of chromium.

(c) Abrasion of the chrome plate on the driving edge

of the lands.

CON IDE



(d) •orwing of the exposed gun steel and undercutting

of the chrome plate*

(2) !achaniam of Chrome Plite Fiurs mnder Rv•r.r-ylooitr

SThe erosion of chromium plated bores, presents two separate

problems; (1) the erosion of the barrel, which controls primarily the

accuracy life of the gun; and (2) the erosion of the forcing cone# which

controlas primarily the muzzle velocity of the bullet. The failure of the

Schrome plate, if it has been plated properly, always begins at the breech

end of the plated bore with the result that the aouracy life is always

greater than the velocity life of the gun.

Observations show that the failure of the cbrome plate

usually follows the saw pattern. Briefly, this patter. Is as follows#

(a) Pioncuneed cxaklinn of the Chrce Plate. Ther

Is soene evidence that cracks In the chrome plate are ~dduring deloo

trodepositica. Such cracks often originate at the non-metallic Inclusie_

in the cbrM1mteel. Interface and occasionally do not reach the top our

face of the ehrcolum.

After firing a few rounds, these cracks ae wider

and if not originally present, a new set of cracks has formed due to the

expansin of the bcre by the firing pressure. Also the chrome plate has

been heated by the powder gases and in partially annealing contracts

linearly, varying from O.1 for L.C. chrome plate to 1.0% for H.C. chrome

The stressee on the chrome plate surface set up

by the above conditions are too high for the brittle chrome plate with the

CONFID&1TIAL
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result that the plate oracks. The produotion of a more ductile plate

would greatly help the performance of the chrome plate**

"(b) :,irl.na un of the Edreg of the. locks. thereby

•.Qiyrng e R',rfgco a Yrinkaed Aoiearanee. The stresses and changes oc-

curfing at the bore surface during £frrin soon cause the edges of the

chrome plate blocks to curl up. This usually results in Icreoased re-

sistance to the movement of the projectile resulting in an increase in

povder pressure.

(a) Pittinz or Removal of :MAlI Bloekt of Thens

Plate in the Bore Area beyond the Forcing Gone. This behavior is an ad-

vanced result of the failures described under (a) and (b) aboves The

Impact and the frMotion of the bullet ause movement of the blocks of

plate. Metallographic mminatiom (2) bas shown blocks wh4ch are no

longer aligned with one another

Continued impact on these blocks sow cam," their

removal leaving exposed steel in the cane of the thicker plates or e,-

posed altered la7or in the case of the thinner plate**

(d) Reoval of Chroms Plate from the Ed&e of the Bullet

S Because of the geomtry of the bullet seat, the edge is probably

the hottest Wt of the bore. Failure of the plate usually starts at

this point and continued firing causes undercutting of the remainin

chrome plate on the ballet seat area and the advance of the plate failure.

(e) Renovul of Chrome Plate from the Lands. Fngraving

types of bullets cease complete plate removal from the land area. This

usually starts at the point where the lands reach their greatest height*

l I t,?I rIrT --
(2) H~rv!-,rd beports, *Aatttllojr,phlo Ea.•,:in,.tL.on or, Oun Linars :tnd ;o'+L~

Teut~d Under ny2ý.irv•+Aoýity Cou~ditions".
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This failure suggests that the steel boneath the chrome plate is droxrmed

slightly.

"With pro-engravod bullets the renoval or chrome

plate starts at the driving edge of the lands, Conitlnuad firing causes

the adyance of the plate failure toward the muzule and across the lands

to the non-driving edge until the plate is completely romovod from the

land area, The rate of failure, however, is considerably less than the

rate of failure occurring with the engraving type of bullets,

(f) Snlling_ or Femovl of Larue Armas of Plata du

to tV'di tting of the Plate. The increase In the width of the cracks

permits the hot gases to reach the steel beneath the plate. In thin

plates, the cracks traversing the chroaum mushroom into cavities where

they meet the altered steel, Those oavities oonfine themselves to the

altered layers and seldom penetrate into unaltered steel. Orowth of

these cavities soon underouts the chrome plate and causes the removal of

large areas of plate.

Howeverp if the chrome plate is thicker than the

critical thickness necessary to prevent the formation of the altered

steel layer, there is no undercutting and the chromium adheres well to

the steel surface,

The pitting of the chrome plate surface described

under (c) produces small areas of exposed steel or ares of thinner

plate which are now local points of weakness in the plated surface* Con-

tinued firing soon causes undercutting of the adhering plate emanating

from these areas of weakness.
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(b) 1rojbn Tosta on Chrome Plated Bores.

(1) Yrrt• T mdt.f,. The following variables wen, tested

4n thm firing tests liste in Table

(a) T , of Cbrcne P1ate,. Two types of chrome plate

weor tested% namely# Ityrdard oLrome plate, designated as H.0. (High

Contraction) because of its high linear contraotion when heated, and IM

Contrutio chrome plat&, designated as L.C.o

(b) Tye Of Pore qurfaco. Chromium was plated on 2

types of ,uurfaoes: rnmely, I gun steel, and eie kgonoishe gun

steel.

(a) Thitc1ness of Plate. Plate thickness varled from

0.7 3i1 to 10 mils.

(d) Tyres of Proleetile. Three types of bullets were

tireds euwrn I= such as Pall VI-2 and copper banded artillery type#

jnnngnM& steel banded,, wA ]Rj eated pre-engavd steel banded

(Paro-Lubrized).

(e) Noes of Powder. Three t7as of powler were used;

L,%, N. G. Donble fty and B3j t a doauble base poeder contaI.-

ing 140% nitrogflycerft.

(2) SmwniAwrv of lielts,

Table XIX Sives a list of the chrome plated liners and

barrels tested in this -rogram. The 4etails of each firing test are -given

in the Appendix (page 12TO

A oum r73r of the results of the variables tested Is as

follows:

(a) Ty,! f nt hroe Plate, Two types of chrome plate

CONFIDENTIAL
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were testeds (1) 3t.ndard, or High Contraotion (H.C.), and (2) Low Con-.

traction,

Thn erssntial differences in these two types of

Plates are:

(1) S'tnderR plate eontrots linearly, about l.00

and low contraction pilate contracts about 0.1% when heated to 1200C,

(2) Standard plate has a hardness of about 900

Brinell and L..C. plate has a hardness ot about 500 Brinell.

(3) L.C. plate bha a lower chromium oxide eatent.

The plating conditions are also different. Stand-

ard plate i3 usually deposited at 50"0 and 20 amperes per sq.are deolmatero

Low Ccntraction pla..ta in deposited at 850C and 80 amperes per square doeol

" mater. The exact conditions and procedure for plating my be obtaine

from the Burea. of Standards Peport.

A comparison botwue" the performunue of the H'C. and

L.C plates r as made with 1 Mi. and 5 rU plate thickness using both en-

graving "ypes of bullets and pre-engraved bullets.

The summary of the I mU results was obtained Afrm

Tasts J(FIO), J(F1l), and J(•15) for the engraving type bullets and from

¶'ests J(F6)t J(712)0 &Ml .(F13) for the pro-engraved type bullet, The re-

sults of these tests shows

(1) Using engraving tjrpe bullets (Ball M-2 and

A.T.), the L.C. plate as slightly better at the beginning, but as firing

continmed, plate failure en the lands and groovas was-greater than ob.

served with N.C. plate.

(2) Using pre-engraved bullets$ the L.C. plate Is

less cracked, more adherent and ga-erally Usa sroded than p.C. plate.

/i



The surmary of.,the 5 oil results was obtained from

Tets J(F2o), J(F24), J(.27), J(F34), aidJ(.i",o) for the engraving type

buoLets and from Tests J(16), J(li7), J(klS), and L.(FS) for the pre-

en&raved type bullet.

The reslt.t of' these tests show:

(i) UsIng engraving type bullets the type of plate

apfp liod to the bore surface is of liLtle importance.

(2) Using prc-cagravWd bullets there is los pit-

tIng of the L.C. plate and loss wear on the driving edge of the L.C. plated

lands. In go.neral L.C. plato was slightly better than H.C. plato when pre.

eongaved bullets were fired.

iowever, because of the difficulties ecountered

in plating 45 inch barrels with L.C. plate to the desired cimensiomep the

slight iaprovement in performance did not warrant further developmet.

(b) DM of Bore Surfao P~ated- Chrome plate uea de.

posited oan two types of gun steel surface: nasely, e1qtnogol#bed and

Machining ray leave lurr, and rough edges on the

land cornersq which are points for rapid "treeing" of the chroe plate dur-

Ing the plating operition. Thasa high points are soon knocked off in the

first firing thereby either exposing small areas of gun steel or producing

areas of thinner chrone plate which are more suseeptible to thermal failure*

Comparison of Tests J(FJ4), J(F27), J(F3)v and

J(FAD) which were eleetropolished, uita Tests J(F24), J(F20), J(F17). and

J(Fl8) which were machined- oversize for the chrome plate, shaw that superi-

or performance is obtaind from chrom plate deposited on an electropolishod

surfacse

As a result of these tests it has boee the procedure

in all firing tests of-chro-,, plated barrels to oleotro,;oliah oversize for

the thickness of the chrome plate to ber Aeposited. However, it Is not

CODNFIDENTIAL
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neceosary to remove the entiro amount by eleotropolishing, It has been

our procedure for thick chrome plates to machine oversize all but the

last .002* on the radius and then sleatropol12h the remaining .0024.

(a) Thickness of .hrome Plate. Altered layers,

similar to those formed on unprotected stool, are observed in the steel

underlying thin chrome plates. TVian the steel is protected by plating#

the hot gases should have littln access to the steel exoept at cracks

In the plating. Nevertheless# altered stooel was not observed con•e•o

trated about these oracks. These facts suggest that when the bore siw-

face is coated with a protective material, heatig end cooling cycles ane

the most important cause of alteration of the steel*

Since the formation of the altered layer is a

thermal affootp the thickness of the altered layer produced is a fune-

tic, of the plate thickness and heat content of the pouder gases To

prevent the formation of the altered layer, the chrome plate should be

thick enough so that the temperature at the steel-chrome plate interface

is below the transition temperature of the gum steel*

Because of the transformation of the gun steel

at the interfaces, thin plates add very little to the performance of the

gun.

To detarsane the effect of plate thickness an

velocity life, severa]. barrels were fired with different types of pouwder

using pro-engraved bullets. The plate thickness varied from 00028 to

.006• and were deposited on electropolLad surfaoe.

The pouders uaed were single base IMR tWpe, a

double bass pouder containing 20,% nitroglycerin, and a double base powder

7,



containing 40% nitroglycerin, having flame temperatures of 29WOX# 3• )eK•

and 394S5K,respectively. The result@ of these tests are showu graphically

on FIgure 1.9

These data show:

(1) .06" chrome plate gives little improvement

over gun steel when a 40% N.G. powder Ls used,

(2) The best perfoaanoe is obt-aied with a

plate that Is .006 thick when 20% N.G. and LM powders an umsed.

osoM-ope eam= atiMo of th. plAtAtd surfW at

diffaent stages showed that less cmaking Is obee,,ve with the thinnm,

plates and very ;ronounced creking Is obaervo with the thicker plates.

In a series of firing to deteraine the thiknes of plate required t

pmeent the foravtion c the altered layer (Tsts J3F61 to J-72)# eo

a4,natin showed fratare and remowva of the Plate "fr"I tUe Lands u

the plate thicknes was .008' This emvaml was due entirely to the

rittle nature of the Ocum plate*

until, the ductility of the chrome plate Is la.-

proved, it appears that the optima chrome plate thicknes Is .006" to

OWO for a bype.-velooity go

Ballistic performeanc and metallcoaphi inol-

atim are In goo areement. The best performene is obtined with .0050

to .0 chrome , plites and if the plate is that thick, no altered lay

is formed at the Interfmo. 7he shrte velocity life with the tUhinn,

plat• s U eonfirmed by mtallopg.,epe s=minatiou . Altered aWes are

fwmed beneath the thin plates and umd uttinUg of the plate by msion

of the altered laUyer soon occurs after a short number of r0e.

COMENTU
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(d) Tcs of Prolg&.tUL. The lack of ductility in

the chrc-me plate is very clearly suown in the comparison between the per-

forrance with pro-engraved bullets and the usual engraving type bullets.

1he eograving stresses and abrasive wear on the chroxe plate surface pro..

duced by the engraving of the projectile very vaterially shorten the life

of the ohxoms plate.

Three types of bullets were toszeds ==*e4,(l)

engraving tjpes such as Uall 14-2 and copper banded artillery bulletop

(2) steel pre-engraved ballets, and (3) lubricated (Parco L4brised) steel

pre-engraved buJlets.

The steel pre-engravnd bullaet reduces the engra-

ing stresses to a id~mum,, and the lubricated pre-enguved bullet reducee

the abrasion due to friction to a utadnt . The tpe ,f bullet used does

not affect the frequency and the depth of cracking of the chrome plate,

nor the thickness of the altered layer for=ed at the steel interface.

A comparison of the beoavior of .005" chrome

plate using artillery type, steel pro-eugraved and ?aroo Lubrised pre-

engraved billets is shown graphiallfy In Figure 19.

The chrome plate protect& the steel surface for

a definite period. •Tin period of protection is much shorter for the

engraving type bullets. As soon as gun steel is exposed to the erosive

effects of the powder gases, the rate of erosion increases very rapidly.

Farce Lubrixed pre-enograved ballets give the longest protection period

and the lowest erosion rate after the gun steel has been exposed.

The effect of the bullet type on performance of

the .0054 chrome plate is shown in the following teabes

CO=F=;TI
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Rounds Fired for
br r a Velocity Drop

_--Test . l g _oe D of 200 fon.s.-

1 :(F6, 12) Oun Steel D.B. AT. 95
L.(05, 9) Gun St•.l P.*. 240
J(F20, 34, 40) .00?1 Cr ' A.T° 220
LI(F78) .0000 . P.EW 975
Ll(FIS) .000" Cr Paroo.. 1875

Lubrised P.E.

The Progres of velocity change is shown graph.

elol1Y on FIue 20.

These results shows (1) the performme of the

chrome Plato is greatly influenced t1 the typ" of bullet that is used;

(2) engraving stresses and friction pl an important part In the failure

of the chrome Plate; (3) and the beat performance Is obtained with a

lubricated (Parcomabrizl ) proenngraved bullet.

(e) Tnes of Po~der. One of the sain. factors in the

failure of cbroMe plate Is the formation of an altered steel layer at the

interface. Since the formation of this altered layer is a thermal trans-

formation, It is not surprising that the flAOe temperatre of the powde

used Is an Important factor in the ballstic performance of the chrome

plated gun.

Several barrels were plated with .oop to o0o6

chrome Plate on eleotropolished gun steel and fired with pre-engraved bullets.

Three types of powder were useds namely, single

base M t,.e a double base powder containing 20% nitroglyoerin, and a

double base powder containing 40% nitroglyci in.

CONVIEINT 1
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The flume tumjmratures or these powders van

4940•K, 3560*." and 3;45K, rualcctiely. 'ho brrols were fired witil

a drop in vloclty of 2;0 r.p.3. 1;aa otservcd.

A confirison of the land ercaIan at the origin

of rifling is shown graphi1clly oan i1gure 21 fort

L. Plain &mn steel and *00(." Cr plate using

40% nitroglycerin powder,.

2. 1-l2!a gu stool and e005" Cr plate using

20% nitroglycorln Iowilor.

3. ?laln staeel and sOC6u' Cr plate using

IWA rowder.

The effect or the polder flaze toeprature an

the performance of the chro•e plate Is showa in the following tables

AMTAet of Pesder MM en e Plate P heoniam
aem-A Fired for

Bore Flame a Veloolty Drop

K(F43) Gun Steel A4% N.C. 394?5K P.91 70
J(FlIl) 006 Gr e,0% 11.G. 39650K a2
Ll(F5m, 9) Gun Steel 2D% U.60, 356WK a 210
LI(8) 0005w Cr 20% N.G. 35W0x a 975
LI(F19) Gun Steel IýQ 29401'K " 355
J(FI04) ,00" Cr re 294A01K 4 2970

The progress of velocity change is shc g•p'h-

loally on Figure 2.

These results shew (1) .0060 olwce fails to

proetect gun steel agaist the erosive effects of a 401 N.0. powder. The

failure or the Cr plate started at the edge of the bullet seat and ad-

vanced very rapidly. There Is a possiblIty that the Cr plate oan te

CONIDETIA
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edge of the bullet seat nay hava been maltad; (2) Tlio best increase in

perforcance of the chrome plate is obtiJned with Ihr cooler MR powder.

Cr plate increased the velocity life of tlw ,au using pro-engraved

bullets and 40% N.G. powder from 70 to 160 roun'is, a factor of 2; using

20% ?I.. powder from 240 to 975 rounds# a factor of 4; and using I0R

powder froe 350 to 2970 rounds, a factor of 8.5-

(3) Conc1uaiow

The data observed in the testing of chrome plated

bor" shows

(a) Chroma plate Is reAintant to attack by the powder

gals. (melting).

(b) Thickness of chromium ratter than the type of

plate controls the erosion.

(a) An optimum thickness of o006" chrome plate Is

necessary to prevent formation of an altered steel lye at the interface

under the conditions prevailing in the Erosion Testing Gun*

(d) An electropolished surface is better than a ma,-

chined surface as a base for the chrome plate. It is recommended that

for thick chrome plates., the last .002"1 on radius be electropolished.

(a) The failure of cbrome plate is due mainly to the

brittlenest and lack of ductility of the clo.,e plate. The mechanical

stresses set up during the engraving of the projectile and the thermal

stresses produced during the heating of the surface accelerate the failnre

of the chrome plate.

(f) The optimum thickness of chrome plate (.005" to

.006•") on a gun steel bore will double the velocity life of a gun when

CONFIDENTIAL
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u~dg ograinj tyo uilt5 P~I. '-2M' A.T.). Thn improvem"ent o

olironte ~1axtL borci uv1.u, L.,T. 1'fw~n ovr fgn stotPI Is shown praph..

,a. ou Figurcs 23 ar !V,.

(g) The tyr of bulet utsed very mpterially affect$

tie c"'•aio l,,te iarformvna,',. The eliminntion of engraving stresues by

the use of pre-engraved rll.et will Ir.orrerse the veloitty life of the

gun about ton-feld. The furtl~er elimination of friction by the usa of

Parco-Lubrized preo-engrav-. bullets will inorease the velocity lift of

the g"m abort treaty-folj.

Te lýImprovement of a chrome plated bore over gm

stsel usig pre-engraved and earoo-Uibrixed pre-engraved bullets is shou

graphioally on Figurcs 25 &Md 26.

CONFIDEN
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2. ColD --nA irA jt alyPaa

Tho oloutropilutijg of tho Linc.rs deecribed in this section

*as done at the :atixizal 'iroea of ýt.Unrds. The conditions ,nd details

of t"h platiag procodure aq.y bie ol,tained from the Bureau of Standard

Rep~orts*

(a) Hare stn. .t Pronrsrtlg !f CI to b v d ob It-T steTfq

The molting point (1V4PVC) ani thermal condutvitv of cobalt

(0.165 Gal/cm2 /seo 2 /aC) are approyimately the same an gun steel. It is,

therefore, not surprIiln,ý that the cobalt surface ahould fail by thermal

attack (molting).

Cobalt has grcb tar ductility than chromium; however, its

lower hardness and greater ductility are such that it may not be able

to resist the swaging action of the bullet.

Chiemially a cobalt surface is superior to a steel surface.

"The addition of tungsten to form a cobalt-tungsten alloy

should raise the melting point. At the same time the thermal conductivity

is reduced considerably. with the result that the Co-1; alloy surface Is

at a higher temperature than the pure Co surface.

The. cobalt-tungsten alloys are harder than cobalt. This

hardness can be increased by heat-treataent. for one hour at 600°C in

S(1) 'imes of Failures Observed

In general the types of failure observed in the testing

of the cobalt and cobalt-tungsten plated liners may be attributed tot

CONFIDIENT IA.
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Low !eUtn Point - Al the liners tLostd frailod

due to ga& eroslon (noli.ing or the surfa,:u). roublet tia±o (20; !'.,C.)

powd-r wau un.;d -undur 3twidard oonditions in all teate,

Poor Adhesion rind Yrittlnenii - In thu rAloy plating

contaLiing 20% tuangston the borA to the steel surface was very poor

(Test J(Y35)),

The typos of f'talure oboervod are as folilous

(a) Molting tand scorine of the plated aurface.

(b) Cracking of the Co-W plate.

(b) Zrosion Tests on Cobalt %nd Coalt-Tunt.ste Plated Li•ne_

(1) Variable. Testedo The following variables were

tested ia the firing tests outlined belows

(a) ggomoaition of the Plate

Pure Co plate and cobalt plates containing approxi

mately 5Z, 1I 81 •, and 20% tungsten were tested*

(b) Heat Treatment of the ý1ate

Some of the cobalt-tungsten plates (Teats J-F35P

and J-F38) were given a heat treatment at 6001C In Vacua for one hour in

order to Improve the hardness and resistance to the swaging action of the

bullet,

(2) SIVjIM~ of RFesult.

Table .V gives a list of the cobalt and cobalt.

tungsten alloy plates tested In this program. The details of each firing

test are given in the Ajgej (pagelt5). A comparison of the advance of

the land plug gages for the cobalt and cobalt-tungsten plated liners and

-O~rILLTA



-61-

0 i

id UU

g o 0 0 ,aI iI ~32

C bI 14J3 go 0

C40

* 0.

S~~ 0

0~ ~ & 0 4

0 0 id0

tO hb

r460 04 0PL00O4
%.p r 410 -0 0



- 62 -

and the control gun ateel linor is shown on FiYU 27. A surmary of the

results of the variablou tested is as tolLownt

(a) cAnsii

One q plated liner was tested (Test J-F36).

Severe -an erosion and ocorirn of the cobalt surface ocourrod beyond

one inch from the origin of rifling. The 'dhohnion of the cobalt plate

was excellent and there was no oraoking or pitting of the cobalt plate

which is eharacterisitio of cbromium plate. Slight swaging of the lands

was niso observedo

Itoweverp the plate lacked the thermal oharaotez4.

Istios to resist melting by the powder Fases under hypervelocity cond•-

tionse

Four gobalt-tungsten alloy plated liners in which

the tungsten content varied from 5% to 20%, were tested (Tests J-Y35,

J-FY1, J-F39 and J-F42).

The results of these tests shows (i) Poor

resistance of cobalt-tungsten plates to gas erosion (malting), (2) i.

creased brittleness end cra•oking with increasing tungsten contentp (3)

poor adhesion of the 2M tungsten pla'.e to gun steel*

(b) Heat Trea4tent of the CobaI+.-Tuhnsten Plae

Two heat treated cobalt-tungstan plates were

tested (Tests J-F35 and J-F38). The test data showed no improvent in

the heat treated plates.

(3) Conclusions

Cobalt and cobalt-tungsten alloy plates are not suitable

for protection of a gun steel surface under hypervelooity conditions.

CQNI.TI.AL
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The eloctro~li.lno o17 th, linr .,r ('ncrlb.Ž{! in this scti.:n was

done at the National iwureau of 3t.:unc'ia . Th.) coodiLlona and detrails

of the platling proosture may be obtnin•d from thn burcýtu of 3tandards

Reports,.

(a) Erin, Resistant Pronortte3 of ', icke1olNl,:1ten .loy Plates

The melting point of nickel (1452eC) Is too low to have

good erosion resistant properties in a hnervelocity g-n. The nickeal

tungsten alloys have a slightly higher melting point but at the same time

the thermal oonductivity is reduced,

(1) Types of Failures Observed

The failure observed in the testing of the nickel-

tungsten plated liners iay be attributed to:

Low MeltinR Point. ALl liners failed due to poor

resistagz to gas erosion (melting of the surface).

(b) Erosion Tests on Nickels.- tewtn, Ltced Ainers

(1) Variables Tested. The following variable was tested

in the firings outlined below,

(a) heat Treatment of the Plate,

.One plated liner (T'est J-F33) was heated at 6000C

for 1 hour i in order to increase the hardness of the plate.

(2) Sumairv of Results

Table XVI gives a lilt of the nickel-tungsten alloy

plates. A comparison of the advance of the land plug gages for the nickel-

tungsten plated linars and the control gun steel ~iner is-shown in Fige 28.
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'iho dot•lla o" o•oi, firinR tint are given in the Azei (paý:esI4)#

A sutary of the r .- ts of the two 'tets is as follows$

(s) Cm sWsit4 on ,njd Ho't TreatMent

Two liners were tested having a eatposittoa

approximately 75% nickel and 25, tunrsten,

Cne linor was tested ans plated and the second

liner was heated at 60OOC for one hour j uYau to harden the plateg

The data fros these tests show:

(1) Bloth plates were severely eroded for the

full length of the liner. Practicall 100% of the- plate was xelted frcs

the surfacee

(2) Pleat treatment of the plate gave no better

performance.

(3) Conc1lust

Niekel-tungsten alloy plates do not have the proper

thermal properties to resist gas erosion under kqpervelocity-eonditions.

CO 'TIE. TM..
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The eloctroplaitiz of ieo ILnoru descrLbý-A In thl s octL=n was

dono ,ut the N1tLonal Buraimu of Standirds. The couditiorns Lnd details of tie

;a)ting proccdure may be obtained from tVie Durvau of .t;!zidl-rds report.

(a) Erosion Resistant Proonrtiog of the Duplex Pl'•tes Tested.

All the duplex plates teatod h.,ve used chroi.um rs the main *Ute to protect

the gun steel against the thermal effects of tie powder gasee. Various

secondary pUtes h),ve been tried to correct the causes of failure of the

Chromium plate*

The various duplex plates and the function of the seconda27

plate tiTe 1iated below.

(b) Erosion Tests on Duplex Plates.

(1) Vaables Tested. The following variable were tested

in the firing tests outlined belows

(a) Cooaer olate on thin chromiu, plate. The purpoec

of the copper plate was to fill the cracks in the chromium plate during the

first round fired.

(b) Chromiux glate on cojper fl., te. The purpose of the

copper pLte was to seal the cracks extending through the chrome plate and

prevent the powder gases from undercutting the chrome plite.

(a) Chrowiau plate on nickel plate, The purpose was the

sAe as under (b).

(d) Chromi= 2l1te on nickel plate --on copy-er P-lte.

The purpose was the same as under (b) and (c).

CONFIDEIJTLU



(o) Chr•ntunt oLýte on a sat, cochrom.-oo)0r" 'lloy..

Th., ,urposeo f this test w'is to determine tan behavior. of the chrome pit.

on ft Aa•wpI ich ýrodnced no alttred lpyer.

(f) Chromiium L A .to on c•bItr-tunrstea plate, rhe

ýurpoze %as to Laprove tie bond at the atool interf-:e. by inereasing the

ductiLity.

(g) Chromua Pilte on ,obalt ol,.ty, The ?urpobe was

the saje at unde (M.

(2) -Siumry of Resulta. Table XVII gives a Ilist or the

duplex plutes tested ina this prograo. The details of etach firing test are

given in Lie Appendix (pag1849)s

A comparison of the advance of the land plug gages for

the cobalt-chroam duplox plated liners and the control gumn steol liner Is

e:iou in Figure 29.

A su amry of the results of the varipbles tested is as

followas

(a) Copier Plate on thin gooor pllate. One liner was

tested having 0.2 all copper plate on 0.7 miL chromium plate. In 35 rcud•s

the copper plate was completely removed and the chrome plate eroded at the 0.R1

(b) Chromium Oate on cooper olatee One liner was tested

having I mllchromium plate on 1 all copper plate, In So rounds the chrome

plate was reoewed from all the land&. The copper undercoat had been heated

to a .lastie state so that the stresses of time bullet had rubbed the chrome

plate off all the lands. Rxamination of tro plate adhering in the grooves

showed that cracl:s in the chromium did not enter the underlying cooper plate

Which thus acted Re a seal.

CoCIFIU~nTIi.h
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(a) Chrao'ux i!,ite on nickel plnto One linr was

t,,t.ted 1,,vyin4 I mll chromium jiate on i ,l nickel p91, te. In 30 rounds the

pL:tte was removed for a distance of 2 Inch". It iins found thct the nickel

becomes ptastic in the asme manner at tLe coppbr. The nickel plte differed

notably from tVe copper plate In tV.t it crucked around the crystal grain&

and admitted the grises to the underlying ateel.

(d) Chrosium plate on nickel olete on Cooper ilate.

Onu Iltor %as tested hnving I ml] chromium plate on 1 mAl nickel plate on

1 ail copper plate. The behavior of this linor was the saue is the liner

under (a).

(e) Chromium ol.e on a gilicon-chrot-copper allot.

One Liner was tested having 5 ails chromium plate on a base which would not

give an altered ibyer. However, the melting point ond heat conductivity of

the beoa metal was low with the result thit molting or softening occurred at

the chroaium-plate-copper aibFy interfaces ?late %as removed from the bore

surface for 1-1/2 inches during ten rounds fired.

(f) Chromiar olete on cobalt-t-mystmn Dlate. Two liners

were tested having 2 mils chrominm plate on 7 and 8 ails cobalt-tungstem plate

(Tests J(F43) and (196)). In Test 3(196) the cobalt-tungstea plate wa

"heated at 9000C for one hour*

The results of the tests show

(1) The adhesion of the chrome plate to the

cobalt-tungsten plate was poor in the heat treated liner.

"(2) Poor local adherence of the cobalt-tungsten

pqlte to the gun steel &urfae.

CONFID1LNTIAL
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(3) 6Wvra 1%,.u oroien of trny expoied cobalt.-

t :ai ten pjlte.

(g) Chromiu-m .Lt. on cboLt '-bitro, Three Llners ware

t,'utd htLving approximately 3 oils chromium plite on 7 aLl& cob-lt plate

(Teats J(744), J(791) and J(F92)),. In Test J(F.7) the cobalt plate •as bested

at 9qjOC for one haor.

The results of the teats show

(1) Excellent proteotion of the gun steel surface

agAinst powder gne erosion ia obtainod by a caromium-cobalt duplx )late.

(2) Swaging of the cobalt undercoat Wen been ob-

oorved.

(3) The Adhesion of the. cobalt pl.te to gun &toel

and the chromium pl:.te to the cobalt pl-te is •ood,

3. Conc21EIusoA2

(a) The chromiuam-cobmlt-tunpten duplex pli,.tes do not

give good p,.rformance under conditions of hypervelocity.

(b) The chromium-cobalt duplex pl~te offers promise in

a hypervelocity gun using pre-engraved projectiles. The perforzance should

be better than chromium plate alone.

(c) The chrontium-cobelt duplex pLito siould give better

performance thzn chromium pldted muzzle sections in guns using molybdenum or

chrome base alloy liners.

CONFIDNFTIAL
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The plating fros the vapor phase of the gun stnel and Stellite

#21 liners described in this section was done at the 2*ll Telephone

Laboratories under Contract OEis•r-" The conditions and details of

the plating procedure may be obtained from the Bell Telephone Laboratories

report.

(a) Erosion Resistant "ropirties o.fr lWvonum =I2@

The high melting point and excellent chemical propertien of

Volybdsenu should make an Ideal plate to proteot a gun steel or a stellito

surface. The molybdenum Is plated on the bore surface from molybdonm

carbonyl vapor under carefully controlled conditions. Under conditions

of heat molybdenum can react with other elements to produce brittle inter.

metallic compounds. The formation of these brittle intermetallio ca-

pounds has been the principal cause of the failure of the molybdenun plate

on gun steel and stellite surfaces.

(1) Tv~es of FAlure.

The type of failure observed in Mo plated liners my

be attributed tot

Formation of Intermetallia 2gmnou•W at. tho molybdenum..

liner motal interface, thereby weakening the bond of the go to the

metal and causing the metal to flake off the surface.

Low Coefficient of Exanusico. The largo difference in

the coefficient of expansion betwem moybdenum and stellite or gun steel

produces large stresses at the Interface during firing*

These stresses together with the weakened bond caused

by the formation of intermetalli compounds accelerate the failure of the

M04Olydeu plate.

C 'iLF lA )l
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The typos of falluro observed in the Ao plated gun

stoee and stellite linors caa be grorip•d aa follows:

(a) Fladking of tho !'o !'late froe 5brfaaes

In all liners testod, the Hlo plate failed in this

manner. The manner in which the plato fated wai the same in all linerst

namoly - (1) the formation of a dark area; (2) blistering of this dark

area; (3) cracks radiating from the center of the blister; (4) complete

removal of the plate from the blistered area; (5) underouttin of the

plate starting from the expoed gun steel or stelliteo With double bus

powder the exposed stellite eroded faster than gun stool and produced deep

scorlng In the stelltte buse,

(b) Erosion Testa on- V9olbdeanm Plated Gun Steel kUarM

(1) Y-,vihlas Tasted. The following variables were to"eed

in the firing tests given in Table XV7Ir.

(a) Type-of Uolsbdenua plate - bard and soft

(b) Thickness of plate

(a) Different metals at the Mo interface

(d) Decarbarisation of the gun steel surface

(e) Type of powder

(2) Fjj geus

In the early tosts, Schedule II with double bae powder

ws followed. Failure occurred In such a short number of rounds fired,

"a less severe firing schedule was adopted for the Mo plated liners.

Schedule V is as followss

COUD1Ik
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Pressure (n.s.i. Ci) Yo1oolt (f.U.s.)

5 routds - 300 grain
oharge 25000 - 30000 2600 - 2800

5 rounda - 350 grain
charge 35000 - 40o00 3000 - 3100

5 rounds - 400 grain
charge 40000 - 460o0 3200 - 3300

5 rounds - 450 grain
charge 49000 - 55000 3350 - 3500

10 rouds- 4504•76
grain harge 56000 - 5800 3600 - 3700

- - aa -a -ai aW - - - --- -- - -- - - -- a a - --

60 rounds - Eroesio at
established
charge

10 rounds- Pressure
change

- a -a a aa a a -a------- - - - - - - -a -a ~ aa a a a a a a a a

330 rounds -aroeio at
established
charge

10 rounds - Pressure
change

Boresoope eoamination of the amfiaoe was made after

each 5 round group# and after 30, 100 and 240 rounds.

Gage maesurements me made after 100 and 240 rounds*

(3) f -- or O.

TableXVZfl gives a list of the Molybdenua plated gun

steel liners tested**thiapro~graxs showing th. principal variables Ini

each test. The details of each firing test are given in the Ippendix,

(pag•3l•).

A sunzary of the results ef the variables tested Is as

Cii u
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(a) IXro of -ojjbdgM PFlt

Two tyloes of molybdenum plate were tosteds (1) The

h produced by plating with 2A water vapor in the carbon monoxide -

molybdenum carbonyl mixture, and, (2) the s, produced by plating

with 1u0% water vapor in the mixture. A comparison of tests J(F54) and

MJ(75) shows that the soft type plate adheres to the surface for a greater

number of rounds than the hard type plates

(b) Thicknems of '1olbdeumA Plate

Unee the plate failure due to the formation of

Intermetallio compounds ts caused by the thermal effects at the interface,

the thickness of the plate should determine the behavio of the plate in

firing. Molybdenum plate thickness was varied frm 2.5 ails to 10 ails.

A comparison of tests J(F25), J(Fr5) and J(MO5) showed practicalY no

Improvement with the 10 mil coating. Severe failure of the plate occurred

In 100 rounds with double base powder•.

(c) Diffrount 92e&W& at Molybde•,m Interface

Different metals were electroplated on the steel

marfaee in an attempt to prevent the formation of the brittle intermetallhe

compounds. The thiokness of the *sandwiching* metal varied from 0.1 all.

to 0.5 il.. The following metals were trieds (1) cobalt, (2) nickel,

* (3) platinum.-

The beet plate ws 0.1 ml. cobalt with 5 ails

soft type molybdemum plate. However, severe fa lure occurred after 240

rounds with IR powder.
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A gun ;,.tool liiflr vo~ ?1i~te witt molylbdeaUIs aft.o

romoving ao. oif Lie ct:rbot from tiia bore uurftcu. A coi,. ri.son botwt-sn teutu

J(F51.) &ad J(Y73) hoi,'d little mpVroywient in the ;tdharenc* of the molybdenum

(e) Ty;e of Powder.

The molybdenum plates were tested with two ty-pe of

poider; namely, (1) I= type, flume temperature 294010K and (2) double base

oontaining 20% nitrog1ycerin, flame temperature 3560K.

The higher pot'ential powder produced the moat wovero

failure Pnd il:o caused failure in the smallest number of rounds.

A summitry of the resulti of the molybdenum plated

gun steel liners is given in Table .

(a) Zrosion Tests on Molybdenum Plated Stellite Liners.

(1) Variables Tosted, The following varisblc viero teated

in the tests given in Table II.

(a) Type of molybdenum plate

(b) Bonding temperature

(a) Thickness of plate

(d) Type-of powder

(2) Firing Schedule.

Schedule T was followed using IMR powder for the 1ess

severe schedule and double base powder for the more severe schedule.

(3) Su~mary of Ressults,.

"Tablen gives a list of the molybdenum plated stellit.

liners tested in this program, showing the principal variables in each test.

COJIFIDFŽJTIAL
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Tar ~ta1 of P-.c~i firiai- te~t zirý !Jiv~n ia the A.)PPndIx (?-ý 159~ )

atvv~Uary of twt recu].ta of tiio v,.rl.,bliu t-stjtA i3

Tv.3 tjYt~d Of :.oiybdexiu PlAte qv-ro teuteft (1) the

h--rd I.-Lo prodceitd loy :jj,*ting Ait 4 -ý.Ar vr-or In Lae cairbon monoxide-

moybeum ctlrlonyl ;ntzture r~d (2) theA2 s-f t . prodiaced by plitting aith

LAI i-tsr vapor in V~in atixtur.. A c3.nparison of teits J(F58) knd J(759)

s3zo~s th ýt tr~u -,Oft. tyýco ?L, te i.diatsr to the aurfzice for grv , tar ntmber

of "tads th-laLa tix a rd type 01,1 to,

(b) IBozditia T~zcirxUroe

TheItaltn 2aoiybdonun plate vkx* boatd~ t fou

diffrensft tem¶?er-tureal (1) 55o PCP (2) 625*Cg (3) 7000C and (4) 7309C 3nd

then followed with -1 5 mil. conting .'f molybdenum plate*

A cozpairisom of tests J(185)1, Y(?57),p 3(?58), J(176)

anld 3(F7) aboood th.tI the lower the bonding tempornt~uro the botter the per'-

fro?;nee. The .ioit~ :severe failure occurred In the liner bonded at 7M*CgC mid

t.ere vin vr-ry little differeace In the beh~avior of the lL'aors boaided ait 5500C

0;.d 50C.

(c) Tnickness of i¶olybdetnum 11* tea

The thickness of thre molybdeumn )I.,te was v--ried

fromu 1.5 LAI to 12.5 mils. The performance, of the moijrbdenumu ?1z~te was a

function of the plz;t toh.Iickness. flowaverp the thicker plates ;ýere very rough

and the r-.Žugh spots were usuailly the sta~rtin~g points 3f pI-te failure*



Th d, ta )a Table a ihow thA ( 12.5 Ail

coAting mIlL aot protoct tLa stoilLto Lurfuce ,Lunst •tt•ck bz duble be

ponder.

(d) Type*, of Poder.

"Tite molybdenum plbtex wore tested witth tvo types

of ?oader; ncnelyp (1) I= tyZ)e Iad (2) double buae containing 20% nitra-

glycerin.

Stellite g2 1 alone U. not iroded by IOIR powder in

the Caliber .50 Erosion Testiag Gun. However, ph1te feilure ut the stellLte-

molybdenum Interface occurred with IMR powder.

Stellite #21 alone is severely eroded by double base

powder and the purpose of the molybdenum plate is to protect tho stellLte sur-

face because of Its high melting point. flowever, In all liners tested, frow,.

the thinnest (1.5 nil) to the thickest (12.5 mLl) coatings, failure at the

stellite-ollybdenus interface occurred with double bass powder*

The exposed uteliLte aas then severely eroded and

scored by the double base powder.

Because of the higher temperatures sit the bore

surface, failure with double bass powder occurred in a few number of rounds

than eith the M powder.

A sumary of the results on the molybdenum plzted

astelte liners Is given in Table XI..

3. ConclusIos.,

Molybdesnm plates on gun steel and stellite fail by a

weakeniag of the bond at the molybdenum interface* Tais is caused by a

thern4 reaction producing brittle Intermetallic compounds. For this reason

I-
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malybdeLum laltva do not afford protcotiou for the gun steel i•id stollite

surfacos undor cond•itons of hypervelocity.

4. !JotaelopKejh Lp fxm~trp tion.

Sections of the fired liners were nent to Hi rvard

University tind the Boll Toloohone L-,borntorieu for metallographLo examination.

The .ri.suts of thee. examinations may be o~tained from

the larvnrd Reort on Oletallographic Examination of Gun Liners and Coatings -.W--

Teated under Hyporvelooity CondItionsw, and from the Bell Telephone Labora-

torie Report on "Nolybdmnum Plating from the Vapor Phaseo.

C03FIDE2{TIAL
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8 Sporayed Vpolxbde.nm Coastings.

The solybdenum ooated liners described in this section weore

prepared at the Vassaohusmtts Institute of TeohnolhU under Contract

0F-or 608. The details of the spraying procedure are described in

their reports.

(a) Erosion Rigsistant Pirooties of Suraved Volybdenn.

The high melting point of solybdenum and its excellent

erosion resistant properties made it detiroble to develop a process of

applying a thin coating (.0203 to .030 thick) to a gun bore sa-faoo.

The low coefficient of expansion# the low duotility and

brittleness of the unworked molybdenva and the reactivity at the

molybdeno-gum steel interface to form interaetallie compounds are pro

OlcOes working against the sueess of this project.

(b) Erosion Tests on Spraved golvbdemm Liners.

(1) Variables ?oGtsd. The following variable vat tested

in the firings listed below$

(a) Ceuiposition.

Three liners were tested having the following

compositions

(I) Pures olybdean

(Ii) Kolybdvem containing 1/2% nickel

(iII) Volybdenum containing 1V2$ nickel and

3% copper.

(2) S•mnarr of Reslts.

The details of each firing test are given in the Appem-

dix (page 169). aumuary of the results of the throe liners is as follows:



(a) All. th., spray-d 2olybdenuz coatings faited by

ormoking due to- nck of dctili.ty and the failure of the molybdenum to

follow the expansion of tho steel linar during firing.

Sprayed molybdenum coatings showed no promise of uoa-

oesu and the development w8v not carried any furthar under Contrxot OMI-sr 808.

155WDEMS



7. Paroo &ubrite Cotings"'.

A gun steel barrel (45 inch length) was sent to the Parker

Rust Proof Comipany of Detroit and the bore was coated with a- Parco

Lubrite coating approximately 0.5 roil t 'iok. The Parco Lubrizing

process eonverts the steel surface into a non-metallic oil-absorptive

film consisting chiefly of a mixture of iron and nanganese phosphates*

It was believed that the reduced friction between the bore and the

projectile would result in an increased velocity life of the barrel*

A comparlson shown on Table XXII of the eros ion of the lands

and grooves with an unosated gun steel barrel showed no Improvement

in the performnce of the Parco Lubrizod bore.

Table XXIfICqmarison Between Parco-Lubrized Gun Steel and

Pli Gun steel

AP After AV After

c(F6)-c(FY2) Gun Steel
Control D.B. A.T. -13200 -340

{(F45) Parco-LubriAzed D.B. A.T. -15000 -36o

CONFIrEXTIN L
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8. u.Iiorocarbon FMl-s

In ordor to determine tho effect of a £ilm of fluorocarbon

on erosion a special typo or bullet (,IIC2) with groovod base-cup

sealing ring was usnd. This grooVj, together with a doep groove in

front of the base-cup, was filled with fluorocarbon before seating the

bullet with the expoctation thut when fired the bullet would receive

sufficient lubrication to permit an increase in velocity* After

firing J(F1), the bullet seat and the origin of rifling were found to

be covered with a film of fluorocarbon which helped to seal erosion

cracks and thua reduced the drop in muszle velocity as expected, but

the degree of erosion was just as severe as that of the gun steel

control*

The fluorocarbon film was supplied by Division 8j, .IC.

9* Oxidiz e un steelW

Two short pieces cut from a Browning machine gun were sent to

the Taft-Peirce Manufacturing Compamy, Woonsocket, Rhode Islandp for

application of a special oxidized surface of magnetic oxide of i *.

The method of forming this surface is by means of rapid oxidation at

a temperature of about 10000F. in steamp which produces a smooth black

appearance* After firing these liners (J(F5)) a total of 70 rounds it

was concluded that the special oxidizing treatment of the bore surface

did not increase the life of the barrel under hypervelocity conditions.

0!NF -FNTIAL
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10. RIetallourwhto x, .2ination of Fired LtnarI and C)atjneu.

Contract 001-3r 557 at Harvard University wan inaugurated for

the prJmary purpove of providing faolities for the vetallographic ex-

aeination of apeoixens of various naterials fired in the -rosion Testing

Gus at the Franklin Institute. Fired liners and barrels described Lit

this report were sent, therefore, to PArvard for metallographic examine-

tion°

A complete report of these examinations win be found in their

report on Vitallographio ftLaination of Gun Liners and Coatings Tested

under Hyper-veloclt' Condltiosse.

The Franklin Institute takes this opportunity to express pro-

found appreciation to Mr. Bobstetter for the t•eaendous assistance that

he and his ausociates have provided in this work.
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The following daLi hay? been abpraoted rom progress reports

of the Franklin Institute (Contract OEC-br 555). It thould be noted

that these firings were all made in the caliber .50 Erosion Testing Gun

under hyper-valooity conditions as defined early in this reort (except

where special attention is celled to the contrary).

Part I. Control Tostb on Gun SteIe

= s Monobloo Gun steel Barrel. 476 maino Double Base powder.

Ball M-2 bullets. Rate of fire 5.8 R.P.M. 115 rounds fired. Firing

schedule I.

(1) The advance of the plug gages with number of rounds fired

Is given in Table 1.

(2) The change in pressure and velocity with number of re a

is given in Table 2.

(5) Examinatioa of recovered bullets indicated excessive

woea on one side. This condltion Increased with nmber of rounds fired

until the engraving extended far dow on the boat-tail of the Ball I-t

bullet with no wear on the opposite oide. This means that the bullet

was balloting down the bore.

(4) Acurarcy measurements were made by means of a screen 45

ft. from the mussle. Tipping and keyholing occurred to some extent be-

fore round 20, but after this the keyholes produced a wider dispersion

which increased to the end of the toot. Hence, under these conditions

the erosion teat should be limited to 20 rounds.

CONFIDOTIAL
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E(?4)t Vonaobloc Gun 8toe1. 475 grains Double Bass powder. Ball

V,-2 bullets. U1S rounds fired. Coniitions the sane a& in E(y3). Fir-

ing schedu•e L.

(1) Borescope *xaa.-t.oa showtmi that both .rogrseUion and

extent of erosion were the sao as that in iZ(iZ)0

(2) A comparison of the advance of land gages in E(F3) and

E(74) is given In Taible 1 belowt

Table I - Advajne of Land Cases in E(n:) Na EIN74)

After 55 Rounds Atter '0 Rounds After 115 Rounds

0.5011 8.31' 8.138 10*758 90948 13.525 15.406
0.5031 4.56 5.93 7.C6 7.18 10.50 10.55
0.5050 2.05 1.75 5.99 5.20 6.1? 8.C33
0.5086 0.74 0.59 4.13 3.55 6.83 6.74
0.5091 0.25 0.11 1.4 2.26 5.36 5.24
0.5112 0.20 0.28 0.81 0.60 3.80 5.39
0.5122 - 0.30 - 0.56 - 2.25

(3) A compeariso of pressur change and of velocity chanp with

progress of erosion is given In Table 2 below:

Table 2. - Pressure Chaaaue (rsi.Cu) and Velocity Chan.e (fns.)

After 55 Rounds After 70 Rounds Lfter 115 Rounds

-6770 -7240 -7750 -12710 -0850 -15840
AT - 175 - 108 - 259 - 266 - 210 - 288

(4) Accuracy patterns and bullet perforuance were identical

with those in 9(73).

"IS a Monobloc Gun Steel. Double Base powder. A..T. bullets. ýL,*nds

0.0108 high.. 150 rounds fired. Firing schedule II.

C..hFID73TU-
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(1) 70 rounds. Tho (1.R. rhnwod charaoteriatic rounding of

the foroIng cone and the "lundti, *ilzio thermal cracking of the bore mar-

face tupuring off toward tL. ausvele. Coppering wau heavy in the grooves

.04- 32" beyond t1h O.1,.

(2) 1.0 rounds, The forcing cone and the lande at the O.R

were very badly .3rodedp esse toward the musles. CopperLun ocourred

268 - Z4' from the 0.R. Erosion of the lands at the 0.R. was twice that

of the grooves. T•e imnaeaf. In, the lend diameter 0.5' byond the 0.R.

was 0.0240. 5 7 -820 t.p.s. 6C? -15,400 pes.i.. AT V -200 f.p.n at

the end of 90 rounds.

(5) Reovered bullet 1136 showed heavy engraving an the bouar

"lot &ad the bodyp which would cause excessive wear of the lands*

(4) The accuracy patturn had a moon radius of dispersion st

100 ft. between rounds (11-5) a 2.35', between rounds (81-135) 3 5.39.

C{rlZ1 Monobloo GMn tft" 476 grains Double Base powder. A.?.

bullets. 224 round& fired. Firing schedule II.

Results of this test do not differ signifcantly from tbos in

LIMY•a Vonabloo Gun Steel. Lands 0.0100 high# .50 twist. Double

Bass powder. P.P.. bullets. 290 rounds fired. Firing 3hehtule II.

(1) Thorma! oracking at the O.R. was, severe, imish to-

ward the nussle. After 70 rounds it extended only 10 from the O.R.,

but after 290 rounds it extended 28'.

(2) Between rounds 140 and 2310 onsagament of" the bullet with

the 0.R. was lost. This made the bullets skid and CausO excessive wear

CONFIDENITIAL ~.I~



(5) Erosion of the lands took place slowly at first, rapidly

between rounds 140 - 210p and thoen ore slowly again. Zxosion of the

grooves had the same aharaeteristioa.

(4) The velocity drop at the 'nd of the test sue -284 f.p.s.

Sin*e it Is often considered that the usvftl life' of a gun ends wnsn the

velocity drop reaches -200 f.p.e., it was calculated that this condition

was zeaehed after 210 rounds as compared with 85 rounds for artillery

bullets. hencep the velocity life is inoreased 2-1/2 times by the use of

Sbullets*

(5) Bulgits, recvored up to round 140 were normal, those re.

coveroO during raod 206 - 210 shard double engraving and marks of

skidding*. Bullets recovered during rounds 276 - 280 showed no double

egngvingi hoese engagement with the O.R. must have been completely lost

with the result that the emerging bulleta falled to have the proper spin.

.(6) T!he acce cy lif. was determined as about LSO rounds from the

appearance of 9 yawing and keyholing bullets which passed through the

screen during rounds 221 - 275. with urtillery bullets the accuracy pat-

tern In bad at 150 rounds.

TA(Y[ft Ugonobloc rMn St"e. Lands 0.010N high. Double Base powdero.

No0 roumde ftiod. Ffrinp sohedule U.

(1) .rosion at the OR. was oharmotristio o• doable base

powder. Thermal cracking was lsis toward the ausslep inoroasing with

number of rounds. The lands were worn smooth by skidding bullets fra

9' beyond the O.R. to the 2ussle.

CONTIDMU
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(2) Removal of iteel from the O.R. with P.S. bullets was about

half that with A.T. bullets*

(3) Pressure ohange after ZO0 rounds was -9,800 p.s.i., and

the .velooity change was -510 fop*s, A change of velocity of -200 f.p.s.

occurred after 27 rounds.

(4) Accuraoy. The man radius of dispersion was constant to

rounds 275 a 1.1', between rounds (291-45) = 3.,18 also in the latter

range keyholing began.

(3) Reoovered bullets were unchanged to round 214. They were

double engraved after round 280 but no change in acuracy resulted*

About the same round meshing of the bullet with the rifling was lost.

CO!DENTIAL
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Part Il. Liners

1.. ,'AOL.YBDia??r' t'LI~I1S:

Jja ,.tolabd.num tube #A-376. Ball M12 bullets - Two warm-up

rounds fired with IR powder at-diminished loadp then full load of

D.B. powder - 24 rounds fired.

A seotion examined at the GeopA~eical Laboratory showed the

metal. free from flaws but the grain size was not unifor. There was

a very coarse o olumnar structure on the outside changiUg to a .tine

grsin si8e at center, each about half the thickness of tube. There

was no distortion of the grains parallel to the axis. Yield point in

compression parallel to axis = 47,000 lb. per square Inch. Hardness

in the longitudinal direction = 91.5-Rookwell Bp in the radial. direction a

89.6 Rockwell B.

(1) Neither thermal cracking nor powder gas erosion was shom

in the borescope examinatione There was no visible gas erosion after

24 rounds.

(2) The liner cracked after one round at diminished pressure.

3) The tiner laked strength and ductility to withstand

pressures at unsupported areas, Ultimate failure occurred at keyways

after 24 rounds at 58,000 psi.

• : %olybdenu. tube #.38L.o One round mse fired with D& powder

at diminished load - I round fired.

This tube was examined at the Geophysical Laboratory and found

to be fine grained.

(1) The liner cracked longitudinally in several places so badly

that further firings were impossible.

U"NFIDENTIAL



(2) Further testlng of molybdenum .ubas in to be d(on with

smooth bore until conditions are found rhich onable molybdenum to stiA

the shook or firing.

=, s Moly:bdenum Liner N•3-16-L , Smooth bore, driload mnd remued

from molybdenum rod, Shrunk into heatod breach section. 5 runds fired*

During an attempt at Insettion the liner brake* The final

liner 4-1/2" long was Inserted a"d •ired, After removal of the breoah

seotion the liner broke into oeveral ples.

(1) Longitudinal cracking occurred after I round at a pressure

of onl4 10,000 psl.

(2) Cracking increased till one piece was roady to be Lifted

out after 5 rounde, hence firing was terminated.

(3) There was no evidence of thermal cracking or ot aS erosion.

(4) !Nol•dmn lacks the strength to withstand the ahook of

firing.

E(FIQ) M1ol2 enunJUMn, r. Smooth bore. Single bas powlder used

throughout. Reduced charge, 250 - 476 grains. Pressure varied fro

12,000 to 46p300 psi. Ball U2 bullets, 9 rounds fired*

(1) The liner cracked on the 4th round at a pressure of 38,500

PAi.CU).

(2) After 9 roundsp examination of the sectioned liner showed

four longitudinal cracks running the full length of the liner.

CONIDE --~
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•_i•i a!ol¶pW~nw Li.nr .wagedg smooth bore. Double bas

po-der. Roduced oharge. Presrure gradually Increased from 11,O00

to 579OYJ pas. Ball 142 bullets. 46 roinds fired.

This swaged molybdonum Liner was shrunk cold under a presoure

of 20,000 psi. into a tapered steel mner. It was hoped this method of

shrinking molybdenum Into the steel linur would give no unsupported

areas back of the molybdenum. The work was done by the Crane Company,

Chicagop under Contract OIsr629o

(1) Several longitudinal cracks developed during the 7th

round at a pressure of 45,200 psi.

(2) Since It can be assumed the method of mounting the liner

gave it good support, the cracking must be attributed to an inherent

lack of ductility e&d resistance to impact present in thick molybdenu

sections.

(3) Both gage measurements and microscopic exaaination ishowed

the molyl•eaum to be chemically inert to the powder gases of the double

base powder.

j2fl %•oxWenum Liner. 2-stave, smooth bore. Reduced charge

(10 rounds) Increasing to standard charge (lAP rounds). Ball M2 bullets,

150 rounds fired. Firing Schedule II.

(1) Gags measurements indicated no Year*

"(2) The surface showed no signs of either thermal cracking or

erosion*

(3) Tests should be made of a segmented liner that is rifled*

'if!



- 100 -

'{L". olh~hnun rn,. 1lO-st -vi, riflc4 xith liada 0.005" high.

460 TrOnti3 0.I. pordor. 1'1;.t U-2 bullat3, 15.0 rouads fired. Firing

.ichedula ir.

The liner of commeroial moty~denum wis oomposed of 10 mogments

made from 3/8a swagod molyhlonuit rod. After being maohinod into a tap.

ered liner it wt-s press fitted Into a stool onrrier under a load of

10,000 lb# It was not brazed*

(1) Flattening of the lands at the O.R0 due to enaving strosses,

and filling of the partially opened seams with copper began after a few

rmunds.

(2) After 150 rounds the lands did not reach their full height

for 1.5' from the O.., and copper filled the open seems right down to

the steel carrier.

(3) There was a drop in pressure of 1945 peio(Cu) due to flatten-

ing of the lands which reduced the initial forcing prossure.

(4) The molyMenum surface showed no signs of thermal orosion.

V(17j: J!olvbdsnum Linor. 10-stave, smooth bore* Ball M2 bullets.

150 rounds fired. Firing Zaodule IIo

The sc2ae (E(F16)) type of' molybdenum rod was used in making this

tapered 10-segmented liner which was first brazed into a dummy carrier.

Then, with segments brazed together, the liner was flnish-machined and-

brazed into the carrier, which was heat-treatod and finished after brazing*

,ihe braeing alloy used, of copper, nickel and silicon, had a melting point

of about OW100 C.

(1) After 70 rounds the joints between the segments had opened

slightlyp, end in several places part of the brazing material had been removed.
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(2) Aftsr 150 round3 tho jointa had not openod any furtherp

"but In geveral planeo molybdonum had boon ohipped from the edges of the

segents.

(3) The molybdenum surface showed evidence or nsither thermal

ornaoking nor powder Can erosion.

() Otge mea2rsents indioted no long of met.al from the bore

surface. The smooth bore offered no forcing resistance to the ball 92

bullets, henae there wets practically no bullet wear on the molybdenum

E,(FIS)t ,!;oj enmm Linero 2 stave. Rifled, lands 0.005" higho

476 grsins D.B. powder. BUll 22 bullets. 70 rounds fired. Firing Schedule

The strips were made from standard molybdenum about 3/l6H thick.

The liner was a press fit In the steel carrmier

(1) Seams between the segments opened up and were filled with

gilding, metal from the bullet Jackets

(2) Three cracks developed in the area of the O.R.

(3) A section of molybdenum surface was torn from the area of

the bullet seat.

(4) Lands at the O.R. were flattened for i/8" due to swaging.

-(5) There were no sifle of thermal erosion on elthtr land or

groove surface.

(6) Removal of metal from the lands was small and from the grooves

Was zero,

Cfl'I DZNTXA
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.21 v- 2-stqve. PIflPId, laimlid 0.005w high.

476 Vrains D.f. powder. P.E. bullotn. 150 rounds fired.

(i) After 10 rouds the seams between the two sei;ments were

tight at the 0.11. and opened slightly n't tho mnuzTile or.d of the liner.

Their condi•.jon was .ich tettor than In E(FlB) whore ball .•12 bullets

were used. Ilene* engraving stressecs probably are an Important faotor

in causing the sesme of these regrented Liners to open up.

(2) Cu•e measuremments showed n, wear or. either lad or groove

surface*

(3) After 150 rounds the presure drop was negligible and the

velooity drop was 60 fps. 11nder the name conditions the velocity drop

in a jgn steel liner is 150 fps.

(4) There were no signs of powder gas erosion.

E021is 1blybdan'm Liner =!T-IF. Iznaat. Rifled, lands 0.005N high.

476 grali D.B. powder. Ball 2 buets, 10 rounds fired.

The liner material was made from a 3/4" swaged pure molybdenum

rod "incast" in steel. The molybdenum was made by commercial procedures

at Bloomfield., N.J., while the "incasting" was done at the Crane Company,

Chicago. The steel used in the casting wes-air hardened and tempered to

the hardness of gun steel. The breech section was assembled at Franklin

Institute.

(1) The molybdenum cricked badly the full length of the liner.

Two small sections caved in due to lack of a proper backing for the molybde-

num tube.

(2) The failure was caused by lack of ductility and inability

to follow the exphnsion of the steelbackix-q as. •ell as faulty casting*

CON.'IDEiTIAL
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-24) 00~1 lo IT 7 1) _!~ 2 ltan.I ifCL~d,

l,:n' 0.005" high. PkI •lM buVlot~i. 150 riun~i !irnl. Firing lchodule Il.

Inaids diameter and joint surfaces were machined In a shaper

uning a formed toal. Wlith hlives cl,:np•p na % mandrel the outside w|N

groundi, aft.r which tho halvos rro reshapod to remove distortion set up

in the roughing oporution. Then the joining nurfnoeii were lapped and the

halves held in position by me,)ns of - collet chuck while the Internal

diameter w-as ground. The tapnr of 1/32" per foot wan .round on the out-

side diameter and the liner pressed into the carrier with a drift of

3/4". After lapping to flnish size# the liner was rifled.

The hardness data obtained by Climax Molybdenum Company are re-

portW in Table IIl

(1) rhen examined at the end of 72 rounds cracks were observed

which Increased progressively to the end of the toot. Each segment

developed cracks which ran the ful length of the liner*

(2) The seams opened up and were filled with copper on the lands.

(3) Slight swaging of the lands occurred at the 04, but not

beyond.

(4) After 72 rounds portions of the alloy surface were broken

and this condition grow worse thereafter,

(5) The drop in pressure, due to swaging of the lands at the

O.R., Increased from 3700 psi, after 72 rounds to 40000 psi, after 152

rounds,

C01NWIDENfTIAL
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i•~ z i."' •,.'o + 15• ") ,,1ov', li•,,r ,'A7I4-L. 2 StaLves. Rifled,

lands 0.0050 high. Potines 17 - .6 rre fired at thi r•,to of 6 rounds

per minute, the others tit 4 rounis per minutu. Bdtll QM bullets. 14.6

rounds fired. Firitng rch.fule IT.

The alloy was made into 3/4" sintered billets at Eloomfield by

Frooons P. Tho bifllets were forged Into 3//I" rods and die-troughed at

East Pittsburgh at 1450 0 C. The reat of the fabrioatioa rae carriod out

in the same manner as that described above (E(724)). The Westinghouse

Company reported that the nicro-examlnatiin of this liner showed a orys.

tal structure mush -more favorable thn that of the previots liner (k.;(24)).

The hardness data obtained by Climax Molytdcnam Cmpunr are re-

porte4 in Table II.

(1) After 16 rounds the liner wns craoked and the surface showed

moderstely severe .9paIling.

(2) After 76 rounds there was neither Visiblc erosion nor swaging

of the lands.

(3) After 146 rounds the liner broke up, the meLtal coming off in

layers, so that only half of the liner remained in the gun, thus making

further measurements impossible.

(4) The drop in pressure after 76 rounds was only 300 pei.(Cu)*

ECr261: (Ml' ?! + 20% alloy lnrW -,*2 Staves. Rifled# lands

0.0050 high. Refdueed charge D.P. powder for 4 rounds. Pall M-2 bullaet.

72 rounds fired. Firing Schedule II,

The method of manufacture and assembly was the same as in E(F23)o

However, the drift of ZAHU-PT w,-s only 1/2" since the liner bent during

the pressing operabd.mn and would not enter further.

CO;tIDENTTIAL
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The hardness data obtained by Climax "oLybdenun Company are re-

ported in Table IU.

(1) After 12 rounds the linor oroked, met•l belix, removed frto

the surfaoe in layers duep probablyp to Ito lamellar struature.

(2) After 72 rounds the liner broke up and half of it %as blown

out of the gun, rendering further measurements iipossible.

£FLL11).' Molybdenum Liner. ., A1 2-stave. Rifled, lands 0,01011

high. 476 grains D.Bo powder. 2 groups vf 70 rounds each at 4 rounds per

minute followed by 2 grope of 140 rounds at 6 rounds per minute. Steel

banded PoE. blletm. 454 rounds fired*

Mo powder was hydrostatlially pressed in a rubber mold to eliiinate

Internal cracks produced when a steel mold was used.

(1) The bore surface showed no evidence of any attack by powder

(2) There wns slight oheckerwork cracking in the grooves. Beycnd

40 from the ORe. there were two cracks which started from the seams*

(3) Sweging at the 0.1. ias slight and, 60 beyond, the driving

edge of the lands ws perceptibly worn.

(I) A comparison of the advance of the gages on the lands and

the drop in veloclty and In pressure compared with those in contfal test

Ll(F5) is given, in Table 5 below.
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Tbl - Ccnunrison of Tit E,0(133) ,with Control Teot LI(F5)

0,492" >23" -0, 3 80
0.494 >23 -0.03
0.496 >23 -0o01
0o498 >23 0
0.500 +21,0 0

Dro LI(F51 285 Rds., EL133) 215 Rds. F'(F33) L5. Ad"&

A - 278 - 65 - 165

AP -780o -500 -3950

(5) Failure occurred on the lands where the sean between the

2 staves crossed the lrouds, At this point the lands were broken away due

to Impact with the bullet.

(6) If the staves were so designed that the soua followed in

the grooves this typ of failure might be eliminated.

E0f161i go Liner uoy-In). uolydemn + 0.0% Niokel

Firing Conditions, 476 grains Double Base (20% N.G.) powder.

Ball .1-2. Firing Schedule III. Fired 309 rounds.

•4* •Helic.al, two-staves. Taper 1/320/ft, - outside diameter

at large end 0.690%. Bore diameter 0,500",

Resui±. Staves were cracked longitudinally in middle of each

groove-did not interfere with the firing. Xod of stave beneath cartridge

case was cracked.

Lands were swaged at the origin of rifling.

Liner moved forward, opening rear joint beneath cartridge case*

Plastic flow of metal in muzzle area produced a constriction.

The test was concluded because of difficult case extraction

caused by the opening of the rear joint beneath the cartridge case.

C ' /PENTIAL
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_______~~~~ Voirl ~-6 oylz:1oriUM + 0.01" !Niaoele

Firin_ Corditions* 371 graina of Doubl.e B,13s (/,0", u*.G.) powder.

Ball .1-2 bulLetv. Firing Schodulo III. Fired 19 rounds,

Ljj . IHelioal, two-staves. Tnper 1/32"/ft. - outeida diameter

at large end 0.720". Bore diameter 0.500"R

eijult". Strives were cracked longitudinally in middle of each

groove-did not interfere with firing. There wns moderate a-mgIng of the

lands at O.R. The rear Joint beneath the cartridge case opened up due to

liner having moved forward. The seams between the staves were In good

condition.

The test was conoluded because of the difficult case extraction

caused ty the opening of the rear Joint beneath the cartridge caseq

X£D2.1t If!aLinsLL(N-17)0 Pure Mfolybdenum.

Firing Conditions. 365 grains of Double Base (40% N.G.) powder*

Pro-engraved steel bullets. Firing schedule III. Fired 294 rounds.

•• Helicalp two-staves. Taper l/32"/ft. - outside diameter

at large end 0*722"0. Bore diameter 0.490",

1esults, Staves cracked longitudinally down center of the groove

-- did not interfere with firing. There was mesurable swaging of the lands

for the first inch, Seams were in good condition. Forward movement of

the liner opened up rear Joint #1 by 0.03" to .04" and produced a constricted

bore at the muzle end of the liner. This condition stopped the test

because of difficult case extraction.
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AF0 J o L~iner (i~~~l~.85'., Molybd~enum + 15% Tuno~ten.

FirinX% ond'tMons. 365 grains of Double ihuse (40% N.G,) powdere

Pre-ewtgraved steel bullets, Firing Schedule III, k'irod 146 rounds.

LIM. Helical, rln• ged, two-Staves. Shoulder 3/A" long. x 1/32*

race, Taper 1/32"jtt. Bore dinmeter 0.490",

Reulta. Staves craoced longitudinanlly down ".he center of the

groovea--did 4ot interfere with firing. rttch stave cracked oirouafrentamUly

beyond the f'1.ungod area* Thire was measurable swaging of the lawds for

the first Snob.

The flange on th3 l.o ot.ave liner prevented the rear Joint #I

beneath the cartridge oase from o poning up. ieowaors, the same forces

orackod the no staves beyond the flange and the liner moved forward in

this area, causing the craoks to open up about .03" and .05" and a constrio-

tion of the bore at the muzzle end of the liner. For tis reason the test

was concmiued,

E±Xl~As. ft 1jer(-1-).. 85% MAolybdenum + 15% Tungsten.

Firing Conditions. 476 grains of Double Bose (20% f.I.) powdere.

Ball P-2 bullets. Firing Schedule III* Fired 432 rounds.

k1no. Helical, flanged, two-staves. Straight shoulder 3/4"

long. x 1/32" face. Taper 1/32'/ft. Bore diameter 0.500".

R.,sult. Tho flange prevented rear Joint Pl from opening up.

The staves cracked radially beyond the flange-opening more with firing

and causing constriction at the muzzle end. Staves craoked longitudinall

down center of the Erooves--did not Interfere with firing.

Some slight breaking away of the metal at the edge oftb- -sm.

The teot was stopped because of the constriction at the muzzle

end.
0 WFIDE-TIAL
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rJj,'/,U j!_j~ner M~1-) olybidian + .01,;) 131.

'=na Cnditior.. 476 gr'•ins of DoubLe Pans (204 1.G.) joader.

ball M-2. bullets. Firing Schedule III& Firi d 148 roundso

•1•, ktolioal, two-otavei5 cold twisted. Shoulder 3/4" long. x

1/32" face. Taper i/32o/ft. rore diamoter 0*500".

Iju!j. Longitudiral and dlasonal cr,.oking occurred in first

presure round* Daring the 130 round burst the liner cracked badly at 2

to 2,1/2" trom the breech end and the foriurd parts of the 2 etaves were

blown out the musvles Semve constriction at breach end of liner* The

liner failed b7 c-ackiqn, warping of the sutrven and ompaplete breaking up

of the forwmrd en of the liner,

X(F31..u 02g UUM (W-16--3)- MolYtd~num + .01% Ni-

r Conditton. £476 grains of Double Base (20% NV.,) powder*

Be11 V62 bullets. Firing schedule 13I. Fired 155 rounds*

Li•, Four-staves, straight seams, integral shoulder, Shoulder

3/4" long x 1/32" t..e. Taper 1/32"/ft. on diameter. Cold press fit -

interference ,0015" on diameter, Bore diameter 00500".

R , Each stave cracked longitudInally, usually in center of

each groove. Severe surface spalling of metal aloug seams at the muzzle

end where lands cross the seams. Slight asmging of the lands at O.R.

Rear Joint beneath case remtined tight. There z,.a .•,&fere constriction at

mussle end. Test van concluded because of cevers spalling along seams.
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A4:( U'~)I'o !-Xnur P1,23 jol~ybdanumb*04 Ji,

Firinr C•.ndit.lon. 476 gr•tins or Double B-se (2so 1j.Go) powder.

Bali M-2 bullets. Firing 3chodule III. Fired 166 rounds.

j=.2 1. l1t6loal, tUo-stavesp integral shoulder. Shoulder 3/1," long

Sx 1/321 faeo* Tdpar l/32"/ft. Cold preasod with .0015" interference an

diameter. Bore dizeter 0.503• ,

11 toZgt1.hat Saaging of lnd. at 0.0. Stavea crooked oirou.-

forontiali7 a. tbha end of the snoulIer, Continuamd firing opened this cruoke

The •inar twisted during firing so the rifling w•a out of line with the

rifling In the muzl.e secttioA. loas 'gas concluded because of severe oirMU-

Pereaitial crackins.

gs)i uo Liner (r..l6-4) molybdenum + .01% NJ1.

Firing Conit.io,. 476 grains of Double Base (20% ,L.G,) powder*

Ball U-2 ballet. Firing schedule III. Fired 293 rounds.

. Preciblon twlsted# Relial., four-stavea, intgral shoulder.

Shoulder 3/n" lang x 1b2' face. Taiper 1/32"/•t. Pres@ fit .002" inter-

fetence. Bore diameter 0.5001.

a . The staves were cracked longitudinally down the center

of the groaves. There was surface spalling from the edge of the b ,et seat

to the origin of rifling on two of the four staves. There was slight

flattening of the lands at the O.R. Teat was concluded because of fractwe

and spalling of the surface at the bullet seat and origin of rifling.
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nj L ,•i Innr T L1-3. ('Jo + 0.1,, Co)

F'ritur in01ti.,na. 476 Crninls of Double Lano (20A- 'N.G.) povdor.

Ud.1 U'-2 bulleto. (Cd. jlitod for 573 rounds., rmula" bullets for rma•Inder

of test). F-r!ng scho.3ule III. 1fred .133 roum..l

ýJ•, Straig#hit aiam, two.-a4.ve r.ith Integral shoulder. TI.pet

1/32"1/ft. 7hmilner 3/4"1 long x 1/3211 face, Shrink fit - .X03" interference

on diumeter. "ore diLmoter 0.5000.

L ts.. Thr.te nalght cheokorwork o'roa.ing in the bulolet seat

area. Thero % wu longiLudinal or'tuld•ng L. the grooves. vuaging of the

lands Increased as the firing -morebsed. SwagIng ma tearing of mail

piaces of 'To from the aurl.Cce ooia'red where tb1 .3nds orossed the straight

seams. There -miS graduil. zovement O: natal toward the mnu e of the

The following tablea shous "the advance of the Land Gages eA

Groove Gages.

Aynoe of Land Games

Gage uadits After 153 Rd.. 43 R2LsA V3Rd. U3 Rs

0.50M 3 +0.07'? +0.05" +0o230 +1.500
0.505 0,03 0.05 0.13 0.60
0.507' 0.01 0.01 0.04 0.10
0.509 -0.01 -0.01 0 0
0.511 -0.25 -0.31 -0.20 -0.19

Ad"uaee of Groove Gaem

0.513* -0.01" -0.01" 0 +O.O/"
O.515 0 0 +0.01" 0,01
0.517 0 0 0 0.01
0.519 0- 0 0 0.01
0.521 0 0 0 0

S_~~LL Ifl t
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The following table shows the preasure ohange. PO 56400

psi.(Cu).

AP +1700 psi, +2500 psi. +2300 psi. +3300 psi.

Test was concluded because of the constriotion of the bore.

EM) 'Ap -iner Ul-311-4, 010o + 0.1% co).

Firmn Conditions. 476 grains of Double Base (207 N'.G,) pcWedr.

Ball 1.-2 bullet. Firing schedule III* Fired 152 rounds.

M=, Straight seams 9 two staves with integral shoulder. Tapw

1/32"/ft. Shoulder 3/A" long x 1/32" face, Shrink fit - .9003 interference

on diameter. Bore diameter 0,5000O

Rea1ts. There was slight swaging of the lands at the origin of

rifling, Surface spalling was greatest at 4" to 8" beyond OR. and was

more severe on one of the staves. The test was concluded because of severe

spalling of the metal along the seams.

Failure was due to poor aMorostructure of Mo.

E(F499[ •Io Liner hL-33-o5 ("'o + 0.1% Co).

Firm•- Comlitic,-,. 476 grains of Double Base (20% N.C.) powder.

Ball M-2 bullet. Firing schedule III. Fired 2022 rounds.
LIJAM. Helical, two-staves. Shoulder 3/4" long x 1/32" face.

Taper 1/32"/ft. Shrink fit - .004" interferene on diameter. Bore diameter

0.500".

Results. Eamination of the fired liner showed (1) slight cracking

longitudinally, (2) pronounced pattern of cheoker-work cracking on the

C CN~i JDONTIAL



bore surface,,(3) alig~ht apalling ooourred'along the edges of the seams at

the muzzle end of the liner, (4) aw.aging of the lands at 0.*t. and (5) the

rear joint beneath the cartridge c'ame opened slightly,

The following table show the ad-rance of the Land Gages and--

of the Groove C-Ages..

Advance of Land Cars&

03irs,~~ ~ Di-tr A&jr21 17 L _WL 2022 Ms

0.503" 0.0511 0.09' 0.1611 0.75' 1.29N 2.96m
0.505 0.02 0.03 0.05 0111 0.17 2.15
0.507 0.02 0.0 002 0.04 0.03 0.17
0.509 0 -.0.04 -0.14 -.0.15 -0.16 -. 1
0.511 .0.25 -.0.32 -0030 -.0,23 -0.22 -0.13

hdrnnoe of Groove Cafels

C-~ageDLidC Afe M~L1 MI zL _WL _UUL ~2022 Rd

0.513 0 -.0.01'q 0 +0,0801 -0.12' +0.16'
0.1W 0 0 +0.01" 0.02 -0.03 0.U4
0.517 0 0 0.01 0.02 -0.02 0.09
0.519 0 0 0.01 0.01 -0.01 0.03
0.521 0 0 0.01. 0.01 -0.01 0.010

The following table shows the pressure change. PO 55#800

pet. (Cu).

bP +1000 pal. +1800 +4W0 +1300 0 _4=)

The test was concluded because the Increased land disaster

at 0.R. (due to swaging) and partly due to the badly eroded muzxle section

caused the 4Z)00psi. pressure drop.

C ~ ~ 1 0 ,MT
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LLL.50 ' o Liner L-33-7. (':o + 0.11).

Firing Conditions. 476 grains of Double Bass (20% ,,i.G.) poWder.

t-tll "-2 bullst. Firing schedule III. Fired 2024, rounds.

ani:. "Iellioalp two-staves. Shoulder 3/A" long x 1/32" face.

No taper on body of liner. Shrink fit - .004" interference on diameter.

Core diaxeter 0.500%.

R2eslt . The performanoe of thin linor was praotically the same

as Vo Liner !IL.-33-5 (Tent E(F49).

The taper on the body of th•e linr is only neoessary for

ease of insertion of the liner in the carrier.

The following tables show the advance of the land Gages and

of the Groove Gages*

Advance of Land Gate-

AaL~E MZA lU 29 5L 20, Rs

0.50O" .0,06" 0.17" 0.42' 1.29" 1.74" 2.43"
0.505 0.03 0.07 0.10 0.47 1.27 1.86
0.507 0.01 0.02 0.03 0.09 0.24 1.27
0.509 0 0 -0.01 0.01 .- 0.04 0.10
0.511 -0.04 -0.05 -0.08 -0.02 0 0.02

Advince 2f Graove Gageu

0.513" - - -2.07" -5.82" -2.23" -2.17"
0.515 - +0.08" -.7,43 -7.41 -6.62 -6.34
0.517 -0.01" 0 0 0 40.04, 40.17
0.519 0 0 -0.01 0 40.01 4+0.04
0.521 .0 0 -0.,l 0 0 +0.02

The following table shows the pressure change PO = 56,600

psi.(Cu).

C0OfFIDENTIAL
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A f~t r 202 R dj- ~ 2 Lh. 2QL~.

A? +600 p.i. +400 -1300 0 -4600 -. /O001'

SMost of this drop wvas dui to a budlly, eroded inuzzle aeotion.

1511: 112 Uner M=I,-36-1. (;Io + 01,,• Co),

FIrin.W Conditions. 476 grains of Double Base (20',. f,.N9) powder*

Pareo Lubrized Steel Pre-engraved bullets. Firing .ohedule III. Fired

442 rounds.

14 o. Two-staves, straight seamsp integral shoulder. Shoulder

3/4" long x 1/32" face. TI per 1/32"/ft. Shrink fit - .003" interforsnco

on diameter. Pore diameter 0.490".

el•, Examination of the fired liner showed (1) slight sieging

of the lands at 0.11,p (2) alight longitudinal cracking In the grooves,

(3) slight surface checkorwork cracking# (4) sight surface spalling of

metal occurred where the lands crossed the seams, (5) the rear joint beneath

the cartridge case opened slightly and (6) constriotion In the bullet seat,

probably due to slight warping of stave. This condition caused the failure

of the liner.

E(F531 No Liner BL-37-1. (Mo + 0.1. Co)

Firing Conditions. 476 grains of Double Buse (20% N.G.) powder.

Parco Lutrized steel preo-engraved bullets. Firing schedule IV. Fired

1052 rounds.

•I. Helical, two-stavos, integral shoulder, Shoulder 3/4" long

x .01850" face. Taper 1/32"/ft. Shrink fit - .003" on diameter. Bore

diametor 0.490",

-:FIQNTI
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Rlgsits. Exmmination of the fired liner shownd (1) nLight Jongi-

tudinal cracking in the grooves, (2) surface checkerwork cratoking, and

(3) severe apalling occurred from 4" to 8" beyond ORe.--this condition

caused the failure of the linere

i Io Lingr L-f36-2. (imo + 0.1% Co).

FlrLM con.dtton 476 grains of Dcuble Base (20,1 .G,) podaer.

Paroo Lubrised steel pro-engraved bullets. Fired 4 rounds,

M er Helical, two-staves, integral shoulder. Shoulder 3/4"

long x 1/32" face. Taper 1/32"/ft, Shrink fit - .003 interference on

disaster. Bore diameter 0.490".

Re.l0 Failure oourred on the fourth preasure round due to

blowing out of liner beneath the cartridge case neck. This wil caused by

an unsupported area In the region of the liner shoulder*

VFS)• s 76 L (Vo + 0.1% Co)

FIr-- CondiUM.. 476 grains of Double Base (20.% N.G.) powder.

Ball U-2 bullets. Fired 77 rounds.

IdMaz. Helical, two-staves, integral shoulder. Shoulder 3/4" long

x 1/32" face. Taper 1/32"/ft. Shrink fit - .003" interference on diameter.

Bore diameter 0500.

Rests. Examination of the fired liner showed (1) slight longi-.

tudinal cracking in the grooves, (2) slight spelling along the edge of the

seams# and (3) oonstriction at both the breech end and muzzle end of the

liner. This condition caused failure of the liner.
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Firinik Condittons. 476 Uniins of Double Vioa (2oi .1,.) po vder.

1il '1-2 bullets, tiring schedula IV. Fi~red 905 rounds.

Ajine. Helical, two-utavos. Shoulder 3/A" long x 1/32" rfce.

T:aper 1/32" face. T:per 1/32"/ft. Shrink fit - .0031" Interference on

diameter. •ore diameter 0.500".

R l Examinet.ion of the fired liner showed: (1) staves were

craoked longitudinally in the grooves, (2) slight choekerwork cracking of

the e•ooves, (3) moderate opalling of the metal along the edge of the

seas from 5" to 7" beyond the O.iR., (4) the roKr joint opened aliotly,

and (5) cevere swanging of the iands for a distance of 4 inches -this

condition caused the faillre.

E(•57, go LInr T.L-3'. (Pure Mo).

Firing Conditions,. 4+76 grains of Double Base (20%. N.G.) powder.

Ball 1•2 bullets. Firing schedule IV. Fired 785 rounds.

L•. Bellcal, two-staves, no shoulder.. Taper 1/32"/ft. Shrink

fit - .003" interference on diameter. Bore diameter 0.500".

ReflyJ.. Exwaination of the fired liner showed: (1) staves were

cracked longitudinally in the grooves, (2) circumferential cracking at

+In beyond OR., (3) pronounced cheokerwork cracking of the bore surface,

and (4) slight progresuive saging of the lands at 0..

The liner failed because the rear Joint beneath the cartridge

case opeed up and prevented extraction of the cases. Severe constriction

at the muzzle end of the liner occurred.



2. 01ILL':?' PASE' AJ.,OY L.WT[,.•

AF9) 1,n 60 Cr 25 Fe.15;W alloy.
Vih'riu-0onditL•-+n, 4.43 gr•L," D. u. poriae¢ (2u,,, I.GO,. DunI ,Mý2

bullets. Ftring schedule III Fired 85 rounds.

.Li.tM. O.OCO" bore.

"ReultA* 9 xmination of the firad Liner showed: (1) longitudina

oraoking, (2) notwork or'cking on bore surface and pitting of surfaoep

() oonstriution of bore, duo to volume ohamge in Cr-base alloy. rost

was conoluded because of longitudinal cracking of liner, and also because

of volume ohangai resulting ill exosaSive high pressures.

EJF3011 JUo.--l 50COr -45 Fe- 5 daoul~oy,

rLdir Cwd.t1elfts, 465 grains Do B. powder (20% N.G.). Ball U5-2
bullets. Firing sohedule 11. Fired 84 round.,

Ld•Z 0.500' bore.

Resulta. E•mination of the fired liner showod, (1) longitudinal

craoking, (2) constriction of grooved due to volume changesp (3) network

cracking of surface-wd pitting of surfaoe. Liner failed because of (1)

longitudinal crackingg (2) drop in pressure and velocity due to removal of

metal from O.R. indicating softening of metal, also (3) constriction of

groove diameter.

Z(FlJi• . Lie CL-MI . 6 OCr -25 Fe - 15 Mo alloy.

Firimn CondiUton.. 460 grains D. B. (20% N.G.) powder. Ball M-2

bullets. Firing schedule II. Fired 309 rounds.

Linm. 0.500" bore.

I,
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. ,xnjr..atbim of the fired liner shoe:dt (1) longitbdimil

cracking, Inid (2) nurf'lae pitting.

caused by eaoape of ges thruugh doeap loagitudinal cracks, ani (2) longi-

tudinal craoling and pitting.

jFg1. i . 6UCr-30i3a-1;•I.llog.

r1r1 C Conditlongn 476( rains D. .Be (;05 NJ.G.) powder, Ball 3-.2

bulletso 1Itrins 3chadule III* ilred 15i. roundse

JLner 0,500" bores. Intormdiate tube and liner# both alloys of

60 Cr -30 to. - 10 Vop shrink-fitted into assembly with 0.001" dlzaetrioal

Interference.

Results. E.,aminatio- of the "ired liner showed, (1) longitudina1

cracking, (2) checkerivork cra~cki~ng or bore surface, and (3) severe Pitting

of surface due to intercrystalline cracking*

Tests was oonoliued because of (1) longitudinal cracking,

allowing powder gases to escape, and (2) severe pitting of the surface.

. Liqr LCX--_• 1. 60 Cr - 25 Fe - 15 go alloy.

Flring Conditions. /05 grains D. B. (20* N.G.) powder, Ball A-2

bullets. Firing schedule III. Total rounds fired 568.

Lia£, 0,500" bore shrink-fitted into assembly with 0.001"

diametrical interference. Inner tube under high compressive stresse.

Resulta. Exaaination of the fired liner showedt (1) surface

cracking, (2) pitting, (3) coastriction of boreo

Si i l e I
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Tint '%m, ocneluded due to (1) exoessive pressures caused by

constrinti'n tind rouphensod surf£uee.

fi(I8. Ljoax OX-3. 60 Or -25 Fe - 15 Yo loye

£lz2IrConditlona, 450 grains D. 3. (20% N.C.) powdor. BaUl !,W

bullets, f1ring .,ohodu.L IV. ToLa]. roinde rired 10*

_J~nr (05,O0" bore, chrink-fitted into steel carrier, 0.005*

diametrical interferese. Two-st4avs# strai,;ht seaums.

RegJ•I. Exaamnation of the fired liner showed; (1) lngitudi=Lal

and transverse cracking,, (2) severe pitttin of inurface, (3) large blw

hole at 1/2" to 1" beyond O.R,

Test was coneluded due to severe longitudinal wnd tranWese

cracking.

CONFIDE)Z'A
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3. TAN-TALUM U111WI75i

Zulu Tantalum. Smooth bore.

SFt rtnr Conditions. Gradually increasing loads of double bass

(20% N.G.) powder. Ball N-2 bullets. Firing schedule IL Fired 150

rounds.

linr .0400 thick. Pressed in steel tube. Bore diameter 0.5103".

Essulta. Examination of the fired liner showeds (1) no therual

cracking; (2) no fraoture of any kind; and (5) surface appeared to be

roughoend, probably by themar of the bullet on the Tantalum surface.

E9(20)3 Tantalus rifled.

Firing Conditions. Gradually increasing loads of double base

(20% N.G.) powder. Ball M-2 bullets. Firing schedule IL. Fired 150 rounds*

liner. Hardened to about S1 R. Liner, 89, .0450 thick. Pressed

in a steel carrier. Bore diameter 0.5009.

Rlse. Examination of the fired liner shovedt (1) pressure

drop or 59875 p.s.oie (2) groove surface showed no signs of thermal

cracking; (3) lands failed slightly due to removal of metaol by friotioas

(4) Tantalum surface appeared to be drawn; and (5) showed longitudinal

tear cracks.

SCONFID-T AL
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VFW: Liner 3te1li JU 22.

Firing Conditions. 470 grains D.B. (20%- r.G.) powder. Ball

M-2 bullets* Firing schedule Il. Total rounds fired 85.

Liner. 0.500' bore. StoUtte #22 liner 1/80 thick.

Results,. Examlnation of the fired liner shoveds (1) Lands

completely eroded away for 5' beyond O.el (2) Driving edge eroded for

entire length of liner; (3) Network of cracks on land and groove aurface

for entire length.

Failure due to large pressure drop caused by melting of the

atelitte surfaoce

V(F3ls Liner Stellite #22s

Check test of E(F22) with sitllar resultoe Teat was abandoned

after 25 rounds.

i(P ,). Liner Stellite #12.

Fri-ng Conditions, 476 grains D.B. (20% N.G.) powder* Ball

V-2 bullets. Firing schedule IUo Total rounds fired 85a

Liner* 0.500N borep Stellitt. 121 liner 1/80 thick.

Reullte. Ezamination of the liner after firing showeds (1) Lands

badly eroded up to 5.5 inches beyond O.R.9 (2) Driving edge of lands

badly eroded to 68 beyond O.Ro. (3) Bore surface badly crackeod through-

out the length.

Failure of liner due to excessive drop In pressure and velocity.

caused by erosion of lands, due to melting and softening of the surface.

CONFIDENTLAL
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W(201 Liner rtellite #21.

Firing Conditions. 470 grains IUR powder. Dall 4-2 bullets.

Firing schedule II. Total of 509 rounds fired.

S-rLeZ. O.SOOW bore. Stollito #21 liner 1/80 thick.

R l The following observations were made after firingi

(1) No swaging or erosion of the lands; (2) Fine network of cracks on

Stellite surfacel (3) Gun stool at end of Stellite liner badly eroded

causing volocity drop.

These results showed that the Stellit. #21 was resistant to the

action of the powder gases of IMR type powder at this rate of fire.

"EU3(j4 Stellite A71 Liner.

Firing conditions, 455 grains IXR powder, Ball M-2 bullets.

Firing sohedule III and 1-300 round group at 12 R.PM. Total of 15•2

rounds fired.

Linerr 0.5000 bore. Stellit #21 liner 1/80 thick.

Reslts&. The following observations were made after firings

(1) No seging of the lands; (2) Slight rounding of the lands edges at

OR.; (3) Fine network of cracks on the Stellite surfaco; (4) Pmo-

tisally no advance of the land plug gages.

E(735)t Stollite 121 Liner.

Firing Conditions. 435 grains RDX powder# CR-1 type, Lot

No, EX 6112. Ball V-2 bullets. Firing schedule III and 1-500 round group

at 15 R.P.M. Total of 1025 rounds fired.

Liner. 0.500' bore. Stellite #21 liner 1/8P thick.

C0....TU
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Poslt. The following observations were mad* after firings

(1) No swaging of the lands; (2) slight rounding of the lands at O.R.;

(3) network of cracks on the steXllt. surfaoe; (4) praotioally no ad-

vance of the land gages.

CONVID7.ITIAL



S. NICKEL BASK ALLOY L O.RSt

?.(F-9): Mor2nn Matftj1 Liner.

Firnme Condi,•tqns. 476 graina D.B. (20% 11.G.) powder. Ball.

U-2 bullets. Firing sohedule I. Total rOunds ftrod M5.

Liner. 0.500' bore.

Result. Examination of the liner after firing ahoweds

(1) fine oheoker-work -racks; (2) lands oompletely eroded away at O.R.

and badly eroded beyond.

7 8 Z - dicael Lingr,

Firing Conditions. 478 grains D.B. (20% M.G.) powder. Ball.

14 bullets. Firing saeedule 1. Total rounds fired 70.

Liner. 0.5000 bora.

Results. The following observations were made of the liner

after firing: (1) lands and grooves were pitted; (2) bullet seat are

has fine cheoker-work erackinf; (5) lands badly eroded at 0.R.

E(fl53 Ziroonim-Nickel Liner.

Firing Conditions. 476 grains D.B. (20% N.G.) powder. Ball

1-2 bullets. Firing schedule Is Total rounds ifred 45.

Liner. 0.5008 bore.

Results* Examination of the fired liner showed: (1) severe

swaging of T.e lands for 2' from OR. . (2) thermal croeking in the grooves.

CO.FD!1rIJ
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•j 9qndttmnl,. Gradually inoreasing loads of Double Base
(2d M.G.) -pondero Ball %J-2 bullets. Fired 7 rouds.

Lioi. 60 li1ner,

Rama1trp. Liner cracked badly in first 7 rounds due to the

brittleness of the silicon steel.

. C0?hFIi•--' i&L
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Eart. ITT. Cort.ing, n leotronlatos

1.GIiR0.f% PLATEU LINF113i

4i1 ChromiUgn ,late 0.00)7" thick. Steel surface maahined. Rifled#

lands 0.005" high. Liner in two sectiona, 4-1/2" and 3-1/2" respectively.

Ends plated with copper 0.005" to 0.010" thick. D.B. powder. Ball U-2

bullets. 45 rounds fired.

The liners were plated at the Springfield Armory using the chromium

plating technique developed there. The ends were plated with copper in or-

der to act as a seal.

Resul. (1) Chromium was removed from bullet seat, forcing come

and land surface. For 1/4" beyond the O.R. erosion by powder guases was

severe, undercutting the grooves; (2) Chromium in the grooves was in good

conditiom. Erosion beyond 1/2" from the O.R. oan both Landa and grooves was

Improve.

4=J:), Chromlua plate (standardl 0.001', thick Steel surface eleotro-

~4oish&. 2 Rifledo lands 0.005" high, D.fl. powder. FL. bullets. U15 rounds

fired.

The liner was plated at Battelle Memorial Institute# Columbus, Ohio.

HeagIos. (1) The erosion and flaking of the surface warn much les

than that obtained with &B& W-2 bullets (see J-F7); (2) The plate was off

the bullet seat and the driving edge of the lands for about 1/3". The sur-

face appeared wrinkled; (3) Elimination of engraving stresses increased

the life of the chrome plated barrel.

Goý:FIDJ
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poliahed. Rifledp ILardj 0.,,05" high. D.D. powder. Ball :3-2 ulleta. 115

rounds fired.

The liner rau plated a in J( s6).

Results. (1) ili plate was romowed coirpleteij frox the buflot asat

aiA from the lands for 3/A6*; (2) The ltads were eroded balok tho surface

of the grooves some of which show undercutting of the plate; (3) The fall-

ure of the plate we. similar to that or the Springfield chrome plate

(see J-73) s (4) Loosalied engraving stresses are an important factor in

the failure of chrome plate.

,J=: Cs-lbr'eiu nIat. (staindard), 0.205" thick. Bletropollshedo

Lands 0.005' high. ).B. powder. P.&. bullets. 115 rounds fired.

The liner was plated as in J(M6). large olearanoes on the Iand-

eliminated localized engraving Ptrosses.

uts. (1) The plate showed a characteristic not-work of cracks,

but there was neither land nor groove ercsion; (2) There was no change In

either the dimensions of recovered bullets or the accuracy pattern to the

end of the test.

jL131: Chromniu plate. 0O,01" thick. Machined surface. Lands 0.005"

high. D.B. powder. DalU. 11-2 bullets. 115 rounds fired.

The cbromiu= plate was applied to a machlned gun steel surface by

the Viui der Horat Corporation, Olean# New York.

Results. (1) Erosion of the lands was greater and of the grooves

the same a's that of the Springfield plate and the Battelle plate as described

above. This was probably due to poorer bonding of the plate to the steel

00mm I1m T mIaL
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su,•aoe baneath; (2) 'lb,j chemica1 and the thermal resistunoe of tha plate

to the ,,)*Inr g--o3 &a3 tho axiv.

(I Vl2 I rmu p001 th1Iok Bureau of Standards.

MIaohined surface. Lands 0,005" high. D.B. powder. Ball U-2 bullets. 115

rounds fired*

f.saults. (1) Failure of the plate was siilar to that of other

chromium plated surfaoes when Ball M,-2 bullets and l.f. powder were used;

(2) Cracking of the plate was less than that observed with an equal thico-

nesn plated at Battelle.

igfldX, •j tum clate (Lox_','oantraotio_). O_.Ol'" thick. Eureau of

Standards. Maobined surface. Lands 0*005" high. D.B. powder. Ball 3.-2

ullets. 11.5 romdxs fired@

RqsUlts. (1) Failure of the L.C. plate at the O.R. was slalls -to

that of the standard (II.C.) platel (2) After 35 rounds the L.C. plate ms

in better condition than the H.C. plate at the same stage; (3) After 70

rounds the L.C. plate began to fail rapidly and at the end of the teat it

was in worse condition than the H.C. plate (J-FlO).

J_.f,: Chrnium•• l•ate (standard). 0.001" thick. Bureau of Standardn,

M-achined surface. Lands 0.010" high. D.B. powder. P.E. bullets. 150

rounds fired.

RestltS. (1) Plate was worn off the driving edge of the lands for

the full length of ths liner and at the O.R. for 3/9" all over the lands and

for 1/4" in the grooves; (2) Craoking was less than that observed with

Battelle plate; (3) The plate removed was much less than when Ball M-2 bullets

were used, (J-FlO).

C,,OIDriiTIAL .1
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J(O13): Chromium Plate (N.C.). 0.001' thiak. Bureau of Standards.

Maohined surface. Lands 0.010 high. D.B, powder. P.E. buLlets. 150

rounds fired.

Results. (1) At the O.d., L.C. plate wan off the lands for

1/4N; (2) At the O.R.p L.C. plate was off the grooves for 1/8'; (3) L.C.

was off the driving edge of the lands for 1.0; (4) With P.E. bullets

the L.C. plate suffers lois er6slon than the H.Co plate (See J-7l2).

Jj(F4)i Chromium olate (standard). 0.005" thick. Battelle. Rise.

tropolished. Lands 0.0050 high. D.B. powder. Ball X-2 bullets. 115

rounds fired.

Results. (1) The plate was cracked and pitted in several

places# but was adhering to lands and grooves and showing comparatively

little failure; (2) There was very little difference between the erosion

with Ball "-2 bullets in this test and that with P.E. bullets in Test

J(78)| (3) The thickness of the chrome plate appears to be the main fae-

ter in obtaining protection of the bore surface of gun steel.

jjn5},s Chromium ulate (atexda.d). 0.001' thick. Bureau of Standards.

Machined surface. Lands 0.0100 high. D.B. powder. A.T. bullets. 150

rounds fired.

EMu3tt. (1) Plate was completely removed from the bore surface

for 7/160 from O.R. Failure on the lands extended to 2-1/2' -from O*R.,

and the removal of plate from the edges of the lands extended the full

length of the liner; (2) Much more plate was removed in this test than

Inmthat where P.E. bullets were used (J-FI2).

C0N7ID!VNIAL
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VS) Chrouiiy •late (,.C.),. 0.05" hick. *Bureau of Standards.

Machined surface. Lands 0.010" high. D.B, powder. P.E. bullats. 440

rounds fired.

Reu2Itgo (1) Cracking and wrinkLing of the plate at the O.R.

was slight but the gun steel beyond the liner was severely eroded causing

a drop in aceuracy after about the 1Oth round; (2) At the end of the

test both presure drop and velocity drop were negligible. This may be

compared with a WV = 200 fps. after 210 rounds with Pol. bullets and un-.

protected gum steell (5) It is estizsated that a high velocity gun using

D.B. powder should have a bore surface chrmium plated for at least 52

calibers fros the O.R., and preferably for the entire length.

jTFlT3 Chromiem plate (H.C.). o.0osv thick. Bureau of Standards.

Machined surface. Lands 0.010' high. D.*D. powder. P.!. bullets. 450

rounds fired.

During the deposition of the chromium plate the current was

interrupted as a result of a blown fuse.

Rgults. (1) There was neither signIficant weaz of the plate

nor serious failure of the underlying gun steelo (2) Probably due to the

interruption of the plating current, some layers of chromium, 0.0010-

0,0028 thick, were removed at various points along the liner; (3) After

450 rounds both pressure drop and velocity drop were negligibleo (4) If

the loss of chromium layers (2) is disregarded,, there appears to be no

significant difference between the erosion resistance of the L.C. plate

and the standard (H.C.) plate.

CONFIDLFITUL
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J(lU)t f hrorlun (1..). O.0%t thlck. Puroau of Jtandard-.

SMachined surfaca. L-md3 0.01)" hlgýh, .;. 1po-,%dor. F..bullets. 430

rounds fired.

These cotyditions dtujlicato thoso In J(F17) except tliit in this

case the plating current vas not intarruptcd.

Pesul$s, (1) The plate Cailed at the bullet seat and at the

O.R. for 1/4"/ (2) 1/2" bceyond tho O.R. the plate failld on the lands and

the exposed steel was severely undercut; (3) Both pressure drop and

velocity drop were insignificant. This zal be compared with the results

with P.E. bullets and unprotected gun stcatl aftor 290 rounds as followst

AP =.-8000 p.s.i.• AV = -2(0 fop.so

jV721i: hrriua niate (L.c.). 0.005" thick, Bureau of Staodards.

Machined surface. Lands 0.010" high, D.B. powder. A.T. bullets. 220

ro'ads fired.

Results. (1) At the 0.R. the plate failed seriously, the eo-

posed steel being severely score and undercut; (2) The velocity drop at

the end of 220 ounds was -294 f.p.s,, or a AV -200 fop.a, after 180

rounds. The pressure drop was -9p200 p.soi,; (3) When A.T. bullets are

used, a chrcuu plate 0.005" thick doubles the velocity life of the cal-

iber .50 barrelo

J(M I Dt~ium-plate (1!.C.). 0,005" thick on 81" steel linero

Bureau of Standards. Machined surface. Lands 09010" high. D.B. powder*

A.T. bullets. 226 rounds fired.

Resjut. (1) The plate was removed from the O.R. and from the

surface of both lands and grooves for 5/8"; (2) Throughout the liner more
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plate Wad 103t by the grooVes than by the lands; (3) -x•osed -toe. in#

",overely socord And undoreixt caiuqlng a silig cant drop In pressure.

iLE7s Chromium plate (H.C.) 0.005" thioke Bureau of Standards.

electropolished. Lands 00101" high. D.B. powder. A.T. bullets. 361

rounds fired.

• sultle (1) At the 0.R. plate uas removed for 5/A6" after

361 rounds. Beyond this the plate was cracked but still adherent;

(2) Exposed gun steel was severely scored and undercut causing a large

drop in pressure; (3) Since the pressure drop in caused chiefly by the

erosion at the O.R., the pressur*e drop as a function of rounds fired i1b.

dicates how soon the plate bei to fail at the O.R.

M1l4)t Chrogiu& plate (L.a.). 0.0051" thiok Bureau of Standards.

1ewtropoished. Rifl•d, lands 0*010" high* D.B. powder. A.T. bill•e•s

291 rounds fired*

RI1Uo (1) At the O.R. the plate was removed from both leads

and grooves for 1/2"; (2) Beyond the 0.R. the plate, though cracked and

wrinkled, still adhered to the steel; (3) Exposed gun steel was severely

egrded.. This caused a large drop in both pressure and velooity; (4) In

J-(F20) conditions were the am* as in this test except that the steel

surface was machined instead of being eleotropolishede A ocmparisam

shows that less plate was removed from the eleotropolished surface*

J(F403 Chromium piate UL.C.). 0,005" thick. Bureau of Standards.

Rifled, lands 0,010" high. Monobloc steel barrel. Slectropo•isheds D.B.

powder. 460 grains fHES 1770.240. A.T. bullets* 311 rounds firel.

I O 7 1
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Reilt;. (1) At the O.R. plate 'aas roioved from both luads and

grooves after 90 rounds, and elsewhere there was cracking ad pitting of

the plate. These conditions became progressively worse; (2) A drop in

velocity of 200 f.p.s. occurred after 220 rounds.

jjk4J)s Chr=iuM nate (H.C.). 0.010" thick. Bureau of Standards.

Nonobloo steel barrel. Eloetropolished. Rifled, lands 0.010" high.

D.B. powder* 460 ain HES 1770.240. A.T. bullets. 88 rounds firod.

The H.C. chrosium plate was deposited in 3 laers by a method

which gives the overplat. good adhesion.

R . (1) At the end of the test the plate was removed

in small areas up to 90 beyond the 0.R. The plate which still adhered

was cracked and blocks were raised above the surface; (2) Due to this

roughening of the surface excesslve pressure developed which caused

punotuzed primers and extraction difficulties t.us terminating the test.

L(ZW•j .0045" H.c. chrome. Double rase (20% N.G.) powder.

Firing Ponditions. 390 grahs of Do,.,ble Uase (20% N.G.) powder.

Pre-engraved steel banded bullets. Firing schedule III. Fired 570 rounds.

Monebloo gun steel barrel 45" long* Plated on eleotropoLished gun steel

by the Philadelphia Rust Proof Companry

R . ExmLination of the fired barrel showed: (1) removal

of the plate from the bullet seat area started during the first erosion

group; (2) as firing progressed the removal of chrome plate increased;

(3) very seve-e erosion occurred during the third erosion group; (4)

failure of the gun occurred during the fourth erosion group; and (5) vel-.

ooity drop of 200 fop.s, occurred after 490 rounds.

COJEIMNTDL



LF11 a o ~ H.x,_ Chro7 _late.

Firiiii.-Cnditions* 471' grat ns IV, powder. P're-anravod bullets.

Preasure 5•,000 p.s.,i(Cu) - Velooity 3575 to 3625 fopoS Fired 10

pressure rounds + 60 erosion rounds at 4 !t.P.M. -

_• Plated on eleotropolishod gun steel liner*

Results# Exumination of the plated surface after 70 rounds

showed& (1) no chrome plate was removed and, (2) no checker cracking was

visible.

F62z1j .0041a" I.C. Chrns nlats,

Firing Conditions. 476 grains IMR powder* Pro-engraved ballets.

Pressure 58#60O posele(CU) - Velocity 3575 to 3625 f.pese Fired 10

pressure rounds + 60 erosxin rounds at 4 R.P.M.

hj&2g, Plated on eletropolsh. d gun steel l4ne.

Result. masInatiom of the plated surface after 70 rounds

showeds (1) no chrome plate was removed, and (2) slight checker cracking

was visible.

_ .s009 H Chrom plate.

FIrIn= C~q4t1M*. 476 grains of IM powder&. Pro-engraved

ballets. Pressure 58,300 p.s.i.(Cu) - Velooity 3575 to Y',25 f.p.s. Fired

10 pressure rounds + 60 erosion ro-unds,

LJA. Plated on eleetropolished gun steel linere

R t Ex.anatiaa of the plated surface after 70 rounds

showed: (1) no chrome plate was removed, and (2) the checker cracking

was easily visiblee

NOFIDSVAL
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J(F NJ .0092" IL1. Chroie rlata.

.klrinr L1&t1!a. 47'; grahs of IMR powder. Fro-ongraveA

bullets. Pressure 56#900 p.a.i.(Cu) - Velocity 3575 to 3625 f.p.s. Fired

10 pressure rounds + 60 erosion rounds*

kJ=*. Plated on eleatropolished gun steel liner.

flta. Examination of the plated surface after 70 rounds

showed, (1) no chrome plate was reaoved, and (2) the checker cracking

was eUly visiblee

i(F65)t OD,3311 II.C. Chro~a plate*

Firing Conditiomn. 398 graine of F'JH-M2 powder* e ved

bulletas Pressure 56,800 p.s.i.(Cu) - Velocity 3575 to 3625 f.p.os Fired

10 pressire rounds + 60 erosion rounds.

" e. Plated on .leotropolisahed gun steel liner.

JRu . amiaation of the plated surfaoe after 70 rounds

ohoweds (1) the chrome plate removed 1/8", and (2) the checker cracking

very faintly visible.

M6) x0038 H.a. chrowela

Firing Conditions- 405 grains of PHB-M2 powder. Pre-engraved

bullets. Pressure 57P700 p.s.i.(Ca) - Velocity 3575 to 3625 f.p.s. Fired

10 pressure rounds + 60 erosion rounds.

LIUK. Plated on electropolished gun steel liner.

Result*. Examintion of the plated surface after 70 rounds

showed: (1) the chrome plate removed 3/32"# and (2) the checker cracking

faintly visible.
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Firig Corlditi ots. 410 gra. ns or F,'rc-'2 powdor. Pro-engraved

bullets. Pronsure 57•0)) p.o.i.(Zu) - Volocity 3575 to 3625 C.p.s. Fired

10 pressure + 60 erosion ronds.

I&aeZ. Plated on elctropoliahed gun steel liner.

R .Ja Examination of the Plated surface after 70 rounds

showeds (1) no chrome Plate was removed, and (2) the cheoker cracking

was easily visible,

J(F68Ij .0075" ..LCm Chrom2 rltISO

Ziria g ondition.. 405 grains of FIX..92 powder. Pre~enp'aved

b1llets. rressuro 56,300 p.s.I.(Cu) - Velocity 3575 to 3625 f.p,.e Fi•ed

10 pressure rounds + 60 erosion rounds.

MM Plated on electropolished gun steel liner.

B * ftanination of the plated surface after 70 rounds

shoWedI (1) no chrome plate was removed, and (2) the checker cracking

ms most pronounced,

Flzinw Condltioso 365 grains of Double Base (40% 11.0.) powder.

Pro-engraved bullets, Pressure 55,900 po.s.i - Veloeity 3575 to 3625 f.p.u.

Fired 10 preauiwe rounds + 60 erosion rounds.

Liner. Plated on electropclashed gun steel liner.

Rslt. Examination of the plated surface after 70 rounds

showed: (1) the chrome plate removed 2-1/2", and (2) the ohe'kew crack.

ing vas very faintly visible.

.2
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i -OYý6' H.C. Qhrollu r18nt -

nrn' -ondittonu. )60 grains of Double Pase (40' N.G.) powder.

Pro-engravod bullets. Prespure 56,100 p.u.i.(Cu) - Velocity 3575 to 3625

f.p.s. Fired 10 pressure rounds + 60 erosion rounds,

A= Plated on eleotropoliehed gun steel liners

S!l E£xamination of the plated surface after 70 rounds

showed: (1) the chrome plate removed 2",.and (2) the checker cracking

was faintly visible.

i(m) .O06k, H-. ('bhrome altt.

Firing Conditions. 360 grains of Double Basee(40% N.G.) powder.

Pre-emgraved bullets* Pressure 56,9C0 p.a.i.(Cu) - Velocity 3575 to 3625

f.p.s. Fired 10 pressure rounds + 60 erosion rounds.

IdE. Plated on eleotrapolished gun steel liner#

Results* Eiamination of the plated surface after 70 rounds

showed: (1) the chrome plate removed 3/8", and (2) the checker cracking

was easily visible.

Firing Conditions* 363 ghlns of Double Base (40% N.G.) powder.

Pro-engraved bullets. Pressure 58,OC-O ps.i.(Cu) - Velocity 3575 to 3625

fsp.s. Fired 10 pressure rounds + 60 erosion rounds.

Lim* Plated on eleotropolished gun .steel, liner*

'Results*. Laminatiom of the plated surface after 70 rounds

showd: (1) the onome plate removed 1/4-", and -(2) the checker cracking

most pronounced.
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VFl31: .003" 16.C, Chrrme, Double Dase (40,' N.G.) powder.

Lrinz ondltloas, 355 gairij Double Bade (4.0% N.G.) powder*

Pre-engraved stool banded bullets. Firing Bahodule II. Firod 98 rounds,

Monobloc gun steel barrel, 45" long* Plated eleotropolished on gun steel,

Results* EaInation of the fired barrel showedt (1) removel

of the plate from the gun steel surface, and severe erosion of the ex.

posed gun steel for a distance of 1.5" beyond the O.R.; a"d (2) a velm

ocity drop of 200 fop.s. occurred after 120 rounds*

J(M). .003" .(._Chrcye. Double Base (201 N.G.) powder*

Liring Conditiom . .°93 grains of Double Base (20% N.O.) powder*

Pre-egraved bullets. Firing schedule III. Fired 510 rounds. Monobloo

gtm steel barre1, 450 long* Plated on .l~etropolisad gun steel by the

Philadelphia Rust Proof Company.

su•1&. kxmination of the fired barrel showe: (1) plate

was completely ramoved from the origS;•- (2) sixty per cent of the plate

was removed i the section from 0,R. 16 4", beyond o.R. ; (3) in the net

4 inchee the plate wa off in areas with the remaining plate araoked and

wrinkled; (4) this condition of the plate diminished at 20 inches; mda

(5) a velocity drop of 2Q f.p.s, occurred after 470 rounds,

J(UlQQ: .002" Chrome niate. IMR powder.

Mirn CondkitUOn, 476 grians of aIt powder. Pre-eanmved

bullets. Firing sohedule III. Fired S20 rounds. Plated on ele.topoliohed

gun steel by the Philadelphia Rust Proof Company.

1,, iZil
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fltm.eo Zxaaination of the fired barrel showeds (i) bullet

seat and origin of rifling completely eroded away; (2) the lands wer"

90• eroded away from O.R. to 4' beyond 0oR. and the grooves were mod.

eately erodedl (3) the lands were 80% eroded away from 4' to 60 be-

ymod O.el., and the grooves were aulig; and (4) fom 80 beyond O.R*

to the .mussl the lands we"r 70% eroded maw. There was "eling of the

I2ooves.

jZmefla 1hOrom,~e Plate@ Dol Bas. (40% N.C.) powder.
1in• Ce~,dit~i~aa. 5P0 grains Double Bum (40% N.G.) powder.

Ire-eSaved bullets. Firing mehedule KU. Fired 147 rounds, am omblee

barrel plated by the Philadelphia Rut Proof Comupany.

Itgjt. tawination of the flied barrel homed, (1) plat-

Lag omopletely off bullet seat; (2) plate off land and groove, for

1.2/2& at 12 oeeloek, sevral mall areas offdeep sooring; and (5)

mam* sooring up to 68 beyond O.R.

j(7g,)MA QQOSw QTioe lZ te. IMR powders

Firing uniditlom. 476 grains of UM powder. Pre-egraved

bullets. Firing schedule III. Fired 5112 rounde, iouobloo barrels

plated by the Philadelphia Rust Proof Company.

E2,%Mg. Izanlnatlos of the flied barrel uhoweds (1) slight

erougla in form of =mml holes appeared at the origin of rifling after
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627 rounds; (2) erosion progremoLvely increased; (l ) the origin of

rifling after 3112 rounds had a deep and wide 'roove at 12 o'clock, there

was heavy pitting and spalling; (4) groove beame deeper at 1/28 to 10

beyond O.. - driving edges of the lands wore badly eroded; and (5)

heavy pitting and soe spalling fro 48 beyond O.T..to muzze.

V71111i -WO C8(hrimcn Mlto. Double Base, (40% 3.0.) powder.

Firing Condition. 30 gpains of Double base (40% N.C.) pm

der. Pse-eiavd bullets. Firing schedule III. Fired 282 rouadl.

mmblee barrel plated by the Philadelphia Rust Proof Coampe.

"m . -.bminatiom of the fired barrel after 282 rounds

showd8. (1) at bullet Istv 9 30% of the plating was eroded awq; (2)

the plating at the origin of rifling was completiely eroded; (3) TeM

do"eel roio from origin to S inches beyond at? I oclock to 12 o'clock;

Md.i (4) so" "mmeumeed shoeker cracking throughout remainder of but.

M~l~UM .C'w Chrome Plate. Double Base (20% 1.0.) powdoer

fz lnConitions. 400 ralns of Dtublo Base (20% .Ch.) p

dew. Plr-eagraved bullets. Firing schedule III. Fired 8U5 rounds.

Nomoblee barrelo9 plated y the philadelphia. Rust Proof Company*

Reslua •hxa•natom of the fired barrel ahoweds (1) a vGry

deep rosion pow 1/8" from buolet seat at 5 o'cloak; (z) the neck

C02j~D::f
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shoulder 30% eroded away; (s) plate all off at the origin of rifling.

(4) sillilng in the grooves at O.R.; (5) bheay ehecker-work orsak-

Ilu frMo•0.R. to 4m beyond; (6) lands at 6 oWolook and at 5 o'clock

completely eroded for one inch in area fro* O.R. to 43 beyond; (7)

driving edge of lans spotted with erosion; and (8) land at 3 Otolock

5 inehes beyond O.R. half eroded away.

Z(71131 .oo40 Plat. UR powder.

7li'ii•a €ditiens. 476 grains of DI powder. Pre-engraved

bullets. iring sohedule U1!. Vired 1232 rounds. Monobloo batrelq

plated tb the Philadelphia Rut Proof Compaq.

Nullts&. Famaination of the fired barrel showeds (1) nook

shoulder and bullet eat very bedly oroded; (2) several erosion grooves

from origin of rifling to ' lboyond; (3) pitting and spaflng in the

gpooves; and (4) lands eroded throughout the barrel.

1LM)k Cm•om niate (L.C.). 0.0058 thick. Uweau of Stendards.

Iomaobloo gan steel barrel. Length 650 (453 plus 208 mussle extenscM).

3leetropoltahed. Pointed lands at the O.11. Domble Base powder.

Po - 55,*100 p.O.iL; Vo = 5910 f.p.s. Pre-ongraved bullets. 10 lOad

fired.

The birrel. mas plated at the Bureau of Standards, but the

suasl extension was =nplated. The plate thbokness on the lands varied

CON isfL
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from 0.00510 at the 0.. to 0.00120 at a roint U1. boyoAd.

.~~1i&(1) Aft= 04 rý4-ndt, olIght cr~icking aind wrinkling

of the plate was visible, After 254 rouands, blooke oa' plaot wvre-e,

moved from the driving odge of the ltAds whSor thuy roes th,.uir full

width* The pointed lnds wore In gould e"dLti-n to -ul-do the pro-enagraved

buIlots until after round 5841 (2) Us r-ita of sraoian at the O.. wes

vy slow util after• ound 7001 (3) The eoobination of pro-e081aved

bullets with a ehwamim plated (0.005') bore mrface, showed a life 10

times that of gm steel, and 5 tims that of a obromium plated banne

firing artillery type bullets aner byper-veoeNIty ooMdIMSs; (4) The

radius of dispersion at 100 feet me oonstant to the ,ad of the tost with

only we tippW.

JADop c-iiami Plate (1.€.). 0.Case twek. Bureau of Standards.

Momoble gun steel berrel (45' length). Zleotropolished. Double Base

powder. Leads O.010a high. FPrssure x 53,100 p.s.t.. VeOlocit 0 )600

f.p.s. Pasr..Lubrised pr•e-om•gaved bu)lets (coatIng < 0.00065). 2775

rounds fired.

The bullets wore oeated b7 the Parker Rust Proof CoUPy of

Psults. (1) plato eo gr"uell• removed frm the bullet seat

and from the O.R. after 1711 oumds. It the end of the test, the plate

bad b•e removed from m=t of the bO"e surfae to tae middle of the bar-

reol (2) The inoremse in diameter of the lands was agligiblo to 1151

177
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rounde, and then incroQmcd to O.CeZ&V' at,2775 round#. Thus th* Parco-.

Lu~brl2ed -prio-.flgrv~d bull.ota verp vory tTrectiv." In prolongingr the *ro-

61An 100 or a chrusiun pla~ted (0,00r,") bawrro1; (3) Tht drop In prouuiw.

and in yvjoaity wo&. nogisible to round .!:NOI* Thereafter it, iziorsamed

with final valuas of' ý,? -v -19#OOO p.zoI.D and o"V x -560 f.p.me

0, WI-FMI.
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2. CQBALT AQiD COBALT ALLOY .,PLA•TFD LINý1St

J(f35) i Cobalt alloy (801 Co + 20- 'M) 0.006" thiok,. Ifeat treated.

Bureau of Standards. Eleotropolisbed. Rifled, lands O.0O051thigh. D.D.

powder. Dall U-2 bullets. 70 rounds fired.

After being plated the 8n steel liner was heated at 6000C, for 1

hour. This Increased the hardness of the plate from 500 to 800 mioro-Viokers.

Resultm. (1) Failure of the cobalt-tungsten plate began at the 8th

round and proceeded so fast that It was not possibls to establish the Proper

powder loadl (2) Causes of failure were poor adhesion, brittleness, and melt-

Ing of the plateo (3) This plate afforded no protection to the gun steel.

The loss of metal was as great as that of gun steel alone#

VMIs Cobalt Ulato. O,00530 thiok, Bureau of Standards. Eleotro-

polished. Rifled lands O.0050 high. D.B. powder. Ball 1A.2 bullets. 153

rounds fLred*

IRn•.•e. (1) After 153 rounds the 0.R. was still In good condition

with the plate adhering to the steel surface but beyond the O.R. the plate

ms pitted, scored, and cracked, probably due to both powder gas erosion and

bullet uww.

J(F3f , Cobalt alio (86% Co + 1J. W) 0.006" thigk. Burau of Standards.

Electropolished. Rifled, lands 0.005" high. D.B. powder. Ball. U-2 bullets.

156 rounds fired.

The hardness of this alloy plate was given as about 40O mdiro-Viokers,

• Aesult. (1) After 140 rounds the plate was removed from-the bullet

seat for 1/14"; (2) The surface of both lands and grooves was badly scored and

cracked showing the effects of severe gas erosion; (3) Gage measurements

showed the loss of metal from the lands to be only slightly less than that of

unprotected gun steell (4) Although the& alloy plate adhered to the steel, it
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failed to withstand the erosive effectu of the powdor gases under hyper-

velocity conditions.

VFl ,: PUulox allgo(FX6• U .0o 1 ) O.00,4,•" thlck. Heat treated.

Bureau of Standards. Electropoli3hed. Rifled, lands 0.003n high. D.D.

powder. Wall M-2 bullets. 70 rounds fired.

After being plated the liner was heated at 60000 in jj for 1

hour. This Increased the hardness of the plate to more than 500 naioro-Vkerso

Result. (1) At the end of the test the plate was found to be cracked

end removed for =all areas for the fall length of the linarl (2) C•ge meesure-

meats show that the eroiou was seve.e; (3) Heat-hardening the plate Increased

Its hardness, but also caused more cracking. It laoks resistance to powder gas

erosion.

J(fLMI Duplex &Ilav (M2 C2 + la snY) 0.06' thick. awsaea of Standards.

leeoopo ishaed RMedv, lands 0.008 high. D.B. powder. Ball 1-2 balletso

150 rounds fired.

The hardness of this alloy plate was given as about 450 miero-Viokers.

Resul. (1) This plate was adherent but lacked erosion resistance

In a manner very sitall to that of J(•37).

(.,42t Cobalt ahoy (Co-W) 0.010' thick. Bureau of Standards. 8"

steel liner. Eleotropollshed. Rifled, lands 0005" high* D.Bo powder Low

pressure (52,900 p.se..). Ball U-2 bullets. 86 rounds fired.

The Co-W plate was deposited in two layers. The inner layer (next

to the steel) contained about 10% W and was about 0.0051 thick* It was plated

at a current density of 2 any/dm2 , The outer layer (bore surface) contained

about 5% V and was also about 0.0050 thick, It was plated at a current density

of I amp/dW2 *
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H , • (1) Fxcept for a small area at the end. of the liner, the

plate adhered to the ste.tlp but it was not ro! istant to pouder gas erovion

being deeply scored for the eatir3 longth; (2) Cracking was severe diin.-

ishing toward the end of the liner. Many of the cracks were circumferential

Indicating a lack of ductility; (3) At the U.1. the lands were swaged and

eroded completely away; (4) The erosioa is less than that which occurs

with gun steel. The Co-W plate should be able to resist erosion caused by

single baae powder*
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JU321: DupleX plate (75r ili + 25 W ) 0.0032• thiop. Lureau of

Standards. 8" steel liner (T-120 Fi-7a'2). Uactropol~.hed. Rled, lands

0.005" high. L.±J. powder. e a.L M-2 b-llota. 8,3 rounds fired.

After deposition the plate wan not heat treated. Its hardness was

about 600 micro-Vickers.

Hisults. (1) Removal of the alloy plate began early and at the

end of the test resulted In complete stripping or the surface for the full

length of the liner. This was probably due to the lack of a good bond beo

tween alloy and steel surfacel (2) The alloy plate affordod no protectioa

to the steel which was Severely eroded on both lands and grooves.

J(F3f3)s Duulgz p~late (75% Ni. + 25% it) o.0oIa2 thick. Heat treated.

Bureau of Standards. 8" steel liner (T-) ii-W•3) * Elotropolished.

Rifledp lands 0.005" high. D.B. powder. Ball 1U-2 bullets. 70 rounds fired.

After deposition of the plate the liner was heated at 6000C for I

hour. The hardness-of the plate was 700 micro-Vickers.

jeoulta. (1) The plate was removed completely for the full length

of the liner, probably as a result of poor bonding; (2) Heat treatment at

60000 for 1 hour did not improve the performance of the plate.
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J=:L Crom i dlate '. :07" thick. Cver cl.roiai=m u copjpor plate

00021-01.00)" thick. Steel surfuce machiinod. Rifldp lindu 2.005" high.

Liner La Wo soctions, 4-1/2" w.z4 3-1/21' xespootively. rA~s plated with

copper O.OG5"-O.O0" thick. D.B. powder. Vall M-2 bullets. 45 rounds

fired.

After being plated as In J(Z"3) the liners wore sent to !2.I.T.

where the copper plate was applied.

hasul•. (1) The copper plate soon left the chromium plated sur-

face and produced no Improvement In the eruloan at the O.R.

V l: Chrga.ua plate (11mC.) deRosited uuon coU nut.. Burma

of Standards* Thickneesa Cr a 0001", Cu = 0.001"9 s.achined surfaoeo

Lands 0.010" high. D.B. powder. A.T. Bullets. W rounds fired.

Bults. (1) Ite duplex plate began to come off at the bullet seat

MA the O.R. after round IN (2) The soft undercoating of copper plate I.

either melted or softened by the heat of the powder gues and then rubbed

loose from the steel surface by the friction of the bullet; (3) The above

combination of platings does not Improve the resistance either to powder

gas erosion or to mechenical weae.

i(u.. C hrcaihm olate (HO.) deo-oit4d upon nickel plate. Thickness:

Cr = 0.001"t Ni = 0.001". Bureau of Standards, Machined surface. Lands

0.010" high. D.B. powder. 428 grains D.B. powder (US 1770.239).

Po = 54p,300 p.a.i. A.T. bullets. FO rounds fired.

eul- (1) The soft undercoating of nickel plate failed in the

same way as that of copper (J-Fl9). The nickel is probably softened and
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worn off by the friotion of the bullet; (2) The above oo;ibination of' plates

does not Improve the resistance of ohromium plate either t[o powder gas

erosion or to mechanical we.ar.

p(?) ~ late Q! .P el 5ite& uro.t pJ~l ate on ton 2f

00Uer Dl_ t. Thickneess Cr = 0.001", iSi 0,001", Cu = 09001". Bureau of

Standards. .1ohined surface. Lando 0,010" high, D.B. aowdor. A.T. bullets,

10 rourds fired.

U j (1) The test ras terminate.d after 30 rounds because of the

complete removal of the plate fron the steel surfaoo at tlhe O.R.

eeumallox. 0.005" thick. Bureau of Ztandards. :laohined surface. Lando

09010" high. D.B. powder. P.E. bullets* ;'0 rounds firAde

An V" liner -am made from a rod of ohromium-coopper alloy whioh had

been precipitation hardened by heating for three hours at 440,3. The prop.

erties of this liner are given below:

,Chromitra 0.85e flarnoss (RockweU B) - 81
Silicon 0,10% Tensile Strength 83,000 p~s.1.
Copper 99.95% Yield Strength 74,500 p.*.1.

Resultg. (1) At the 0.11. the plate was entirely removed after 80

rounds; (2) Cracking of the plate was slightly less than usual. ExamInation

of the liner was difficult because it was destroyed in. trying to remove it

from the breech wection.

J(r)43: Duplex allow (Co-'WT) 7olus ehroium Plate. 0.009" thick. Bureau

of Standards. 8" steel liner. Elnctropolished. Rifled, lands 0.0050 high.

D.2. powder. Ball U-2 bullets. 'ý3 rounds fired.

The Co-W alloy was plated in two layers. The inner layerv of about

0.005", contained about 10% W and was plated at 2 amp/di 2 . The outer layer
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of about 0,002", oontained approximately 5% 7. and was plated at 1 amp/din2 .

Still another layer (bore surface) but or chromiua (ii.C.), of about 0.02",

was deposited on top of the Co-W alloy.

-- HResultS, (1) At the O.H. checker-work cracking and lose of plate

Sfrom the lands was moderatei (2) In the forward half of the liner cracking

and powder gas erosion was severel (3) Failure of the plate was due to

poor adhesion at the 0.R. as well as cracking and spalling along the bore;

(4) The effect of the chromium plate was to protect the Co-W alloy from

powder gas erosion; (5) At the end of the test the drop in pressure ws

negligible.

VF44), Cobalt Dlate vlus chr iV-4 plate. 0.010" thicko Bureau of

Standards 8' steel liner. Eleetropollshed. Rifled, lands 0.005N hig.

D.B. powder. Ball U-,2 bullets. 95 rounds fired.

The thickness of the cobalt plate was 0.007" and that of the

chromiu, plate was 0.003'.

Raoule. (1) Throughout the liner the adherence of the plate was

good except beneath the neck of the cartridge case. Difficulty with em-

traction terminated the test; (2) At the O.R. there was only mild cracking

of the bore surface; (3) The performance of the plate was so promising it

was recommended that a second liner be plated and the test repeated.

jM91): Liner 1, Cobalt-chromium duplex plate on gun steel liner.

Electropolished. Bureau of Standards.

Firing Conditions. 470 grains D.B. (20% ,.G.) powder. Ball U-2

bulUets. Firing schedule II and III. Total rounds fired 292.
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tianr. Cun stool. plated with Co 0.00890 plate, followed with

0.0002y H.C. Cr plat*. Bore 0.500m.

Results Examination of fired liner showed: (1) Cr plate removed

from 5 lands at OR. for 1/8'. Remainder oracked and wrinkled but adheringl

(2) Bore constricted in bullet seat and O.R. area. Tost concluded due to

premiure increase caused by constrictiono

J(722)o Liner Ile Cobalt-ohromium duplex plate on gun steel linero

Elootropolished, Bureau of Standards.

Firl4- Conditions, 476 grains DMB (20% N.0.) powder. Ball -f-

bullets. Firing schedule III. Total of 501 rounds fired.

11zO. v Gun steel plated with 0.0M86P Co followed with 0.00250

Cr plate. Bore 0.5000.

Ryn.Ha Exam-uation of liner after firing showeds (1) Plate re-

mowd from .11 lads from O.R. for 29; (2) Slight pitting of surface beyond

this point; (5) SeVore erosion of mussle seotion. Failure of liner in,-

dieated by drop in velocity mainy due to erosion of musslo section.

)su LineorII Cobalt-tungsten chromium duplex plate on gun

steel liner,. Eletropolished. Bureau of Standards*

Firing Conditions 470 grains D.B. (20% N,0) powder. Ball 1-2

bullets. Total rounds fired 82.

Liner. Gun steel plated with 0.008' cobalt-tungsten alloy plate,

followed with 0.00220 HoC chromium plate. Bore 0.500".

Results. On exalmiaon after firing, those conditions were noteds

(1) Cr plate completely remov"-flom3lnds for 4' beyond O,R. and much from

the grooves for 2'.
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5. 'IUDEN0J~1tf OUT..

(a) Gun -'~ -Lino.ry,

J(F23) i LlUer 11o 97Q- 090025" thick dePosited upon a steel liner,
Smoot4 bore. D,, '.-oa-der. Ball U-2 bulilts. 80 roundu fired. Firing

Schedule I1.

A amootb bore gun stael liner ot dibaeter 0.515 0 was plated

with a layer of molybdenum.

In the Caine of this liner the glass water saturator ormcked

during the plating prooesup an a result of which the plate was removed and
the liner cleaned for the second time by electropolishlag. The cleaning was
not entiruly satisfuctory, since there were some thinly coated spots near the

cartridge crsao neek.

Resultt

(1) At the O.R. the removal of the plate, after ,0 rounds,

was extensive and the erosion gas severe.

(2) The cause may be (a) the plate was not thick enough to
prevent the formation of an &ltered layer of steel beneath; (b) the steel sur-
face may not have been thoroughly cleeaed, leaving small areas with an oxide

coating.

3(F26), ,Lluer go 9S . 0,c038" thick deposited upon a steel liner.

Smooth bore. D.B. powder. Bell X-2 bullets. 80 rounds fired. Firing

Schedule II.

The plating operation was continued for about 70 hours at a

temperature of 625C..

Results.

(1) After 8D rounds .the plate was elmost completely removed

from the entire length of the liner.
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(2) !".xPoied dua ..b•,t ,[,hoed tti'ruri crickia,:.

(3) Th, liner could not be forced fror t.ne breech '.ectlon

aftor firing, ponibly bociiu:;e ita physicul ,roptirtics h,,d boen ,.ltered

during tho prolouged it'.tzing at-625'C.

J(F23): L•inr 'Jo 106G, 0.00"2" thick dopovit.-d upon i Btoel liner.

Smooth bore. Plating temperature 525eC. D.f. powder, 1nll M-2 bullets.

70 rounds fired* Firing Schedule II,

l) �mll mrtoas of plate were removed from the steel aurface

moit3.y toward the muzsle end of the liner.

(2) The plAte saowod neither theornl cracking nor other evi-

deance of powder gas erosion.

(3) There was ao p"rmanent expansion of this liner during tne

!esa, hence it was removed from the breech section with ens..

VF(W A): Liner UNo 312. Rifled, lands 0.0050 high. Single base (IMR)

powder. No erosion schedule. Ball 2-2 bullets. 33 rounds fired. Plating

procedure slown In Table XVIII.

Results.

(1) During rounds 16 - 20, with a chtrge of 450 grains, the

plate began to. come off in the region around the O.R., and after another

10 rounds it Aad been removed from all the Linda.

"(2) At the end of the test the plate wes ne-rly all off the

breech half of tUe liner and what was left on the muzzle half was blictered

and nearly rekdy to come off.

(3) The banding of plte to steel ws weak.
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M("75)i .iner '.Io 356, Co,.ted with .*J5" .ioly•Jenum.

FtrL, ix CondltLons-'< Gr•.du,:tly ilcretudA lo;,de of single

bao UP, powder. ball U-2 bullets. Firing ýcheduJle V. Fired 100 round&*

PL'ttng technique Lihown its Table XVIII.

oaeults. Wainution of tie fired liner showed (1) bllsters

formed on t4u6 pl.t. during the second 5-round group, rind (2) the pl-te

was removed In 1,,r7,e arona during toe 60 round eriajLon group.

J(778) siner Yo 360. Coated with .005* molybdenum.

Firinz Conditions. Grtidually increased lot:ds of Angle be#*

IXR powder. Bell M-2 bullets, Firing Schedule Vo Firod 100 rounds.

Plating technique shown in Table XVIII.

Rosults. Exanin-tion of' the fLrod liner showed (1) plate

fsil.ure in the grooves Atarted durIng the first 30 rounds, 'end (2) after

the 60-round erouiom group the plzate failure in tae grooves increased*

90% of thu plate was removed from 2 grooves in the 12 o'clock sector of

the bore.

r(FSo) , Liner Zio 365. Conted with thin cobalt followed with .0050

molybdenum.

Firint Conditions* Gradually increased loads of single base

M powder. Ball -S-2 bullets., Firing Schedule .V Fired 240 rounds*

Plating technique shown in Table xvII°.

Results*, Examinatiof of the fired liner showed (1) the lands

st the O.R° were in good condition, and (2) from the O.R. to the end of

the liner small areas of Uo plate were removed from the lands and grooves.

Failure of the plte appeared to-be ?T i;fe bobaltmolybdenuz
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Latorfc•e, l:rizu cobalt pleto w:ý;i -..tUl -d-horing to the g.u itoL -ur.ce.

M(8,I)i Llor Mo 373. Co-tod with .0001P nickel --,iid thon .005"

molybd/enum.

Firtax ConditLons. Grnduzll, increased loads of single b4se

ILU( powder. all A-2 bullots. Firing Schedule V. , Fired 30 rounds.

Plating technique shown In Table XVIII.

Reacult;. Examination of the fired liner showed (1) failure

of the Mo plate on bullet sect :t-irted at 49,000 p.s.i, pressure, (2) con-

tizted firing caused atripping of plate from bul.lt ueat, l.nda and grooves

for a dtiotnce of 1-1/4" beyond the O.Re., nd (3) froa 1-1/4D to the end of

the liner the plate wns In good condition.

J(7F9)s Liner go 374. Conted with .0005' cobalt and then .0050

molybdenum.

Flrinm Conditions. Gradually Increased load of single base

INR poWder. Bal -2 bullets. Firing Schedule V. Fired 100 rounds.

Plating technique shown in Table XVIII.

Results. Examination of the fired linor showed (1) small nreas

of Uo plate were removed from the ballot beat and grooves -t the origin of

rifling, (2) the landa from O.R. to .4" beyond O.F. were In good condition,

and (3) 50% of the plate was reaoved fro2 the lend .?nd groove surface at

40 to V beyond O.R.

3(FSO)s Liner Uo 375. Coated with .00050 cobalt &nd then .001*

aolybdeum.

Firinu Conditions, Gradually increased loz;ds of single base

LJR powder. Ball 1-2 bullets. Firing Schedule V. Fired 100 rounds.

Plating technique shown in Table XVIII.
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Ritizults. kFaxrtnzloin of' thi flred Ili tr -hot-d (I) Slight

"0o d-to r,1ioval 'ro• theu edte of tle ballot ;,eat occurred k.ftt:r 3-1 rounds,

ufo (i) •rter 100 rounds :irw.u of pL, t i r*er• off the bullait mebt, all lands

at the U.h. kna from tnh land ivnd groove sur£Cce tarouihout tne linor.

T(Fi• L,,r _o 376. Co~ted wtth .0005" nickel followed with

.005 molybdenum.

Firinz Conditions. Gradually increaod lods of single bass

LUl powder. Ball 35-2 bullotu. Firing Schedule V. Fired 100 rounds.

Plating technique bhown in Tble IVIII.

11euulta. Exmriintion of the fired liner uho'ed (1) removal

of Mo ptlute from bullet ueot nod grooves for 1-1/23 beyond 0.F. occurred

after the firat 30 round., mad (2) after 100 rounds 50% of the plate was

removed from the bullet seat bad OR. area.

J(797): Lineor Mo 380. CoAed YiLth .0001 pl!tinum, then .0001'

cobalt and then (Y•5* molybdenum.

Firin& Conditions. Gradually increased lands of single base

IMR powder. Ball U-2 bullets. Firing Schedule V. Fired 30 raands.

•Plating technique shown in Table

Resulti. E•&AInation of the fired liner showed (1) 50% of the

MO plate was removed from bullet seat and O.R. area after 30 rounds.

J(7105): Liner !1o 395. Coated with .010" molybdenum.

Firinz Conditions. Gradually increased loads of double base

(20% e.G.).powder. Bell 1-2 bullets. Firing Schedule V. Fired 100 rounds.

?l.-ting technique shown in Table.

ResultsL Examiahtion of the fired liner showed (1) no plate

was removed from the edge of the bullet seat after 30 rounds, (2) after



or Vte plr,!ta ýo r~oc:2d ffrom Lvad gijrowle i.urft'ce A ().I(- Mid to 4"

beyond 0. A*,, aiid ( f) romt 43 to 8 boond 0E.1 54% of the plate vitia re-

moved from ttie 1.~-rd groove uarfu'oe.

cos FtIREl*I-ML,



(O'. 01 F[ W* !:Tl .I, 1ý

- 159-

(b) 'Jo )iAtd ;Al11te #21 LLr,,rs.

J(F433): i tinr Vo 27fGS. Cotsd Ath moLybieuum J.003" tVicik.

Eifled, landa U.0.5" hLrh. D.B. poý-dor. Bj,3ll J- bullets. 87 rounds

fired. Fir2Ig schedule 11.

The molybdenum plate w,.s dojoit.-.d upon the stoiiite ,xurf"-ce

from molybdenum curboayl vwpor. The llur ,Y.s first heated ý!,d plted

mith a very thin protective couting ;t 6253C, then hg.' ted to 9UOOC end

cooled iinediztely to the plating temperature. Th•s required ,bout 10

minutes. The liner wea then plated ;,t 5900C for 33 hours. The resulting

plate had a hardness of about 600 micro-Vickers

Rotults.

(1) Removal of molybdenum began on the 4th round :- reduoed

pressure and nt the emid of the test was ne'rly complete for the full length

of the liner.

(2) The failure of the PILte occurred In the following se-

quences (a) appearance of a &;wAll cfrculLr dark 4rea, (b) whicih becomes a

blister, (a) then spalling of the plate.

(3) The exposed stellite showed zL network of crmcks *Uich

were very severe at the breech end of the liner.

(4) The liner failed because of poor adhesion of the zolyb-

denum plate to the stellite surface uihich, of itself, is not resistant to

the attack of the gases from double base powder.

J(F49), Liner Mo 285. Coated with molybdenum .0&0,'5" thick.

Rifled, lands .0050 high. D.B. powder. A1l rounds ;nt reduced charge.

Ball bullets. 6 rounda fired.
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(1) At the O.Mi. refiov,:l ,Wr Lh, )1,7te bLgtin nt the .nd

roiund c-nc extend,4i.rapidly tho full ,Lýngt[ai of the lintr. FaiLure *as

evidently c4.ured by poor Lddnerence of tes dlAte V, the liner.

J(?5j): Liner 1o 290. Co-,ted 4ith molybdenum 0.,),)15" thick.

hiflcd, 1d• da O.'•.56 aigh. Singla b&ae ITR pouder. Bill L-2 bullets.

14 rounds fired.

The fNbrication of the Ijiur rnd itU co.tilng w:.-s the stme

ea thlt described in J(FA9).

The flame temperature of this IUR poader •as about 6000C

lower than that of the double b.se powder ordLuarily uudi.

Results.

(1) Removal of plate from the stelLte "urface began after

the 3rd round aind grew worse but it zas not z-a savere hus ..Iti double base

powder.

(2) ?oor adherence of the ALIte to the bore surface may be

due to selective diffusion of the molybdenum into the stellite, the failures

occurring where little or no molybdenum has diffused below4 tie stellltse

surface.

V(51} l Liner go 292. Coated with molyudeanum O.G03 t-ick. Rl-ied#

lands 0.0050 hihe. Single base IMR powder. Ball M-2 bulluts. 86 rounds

fired. Firing Schedule I..

Results.

(1) The plate blistered ofter the 12th round, and by the end of

tnc test this condition had spread throur;hout the liner resulting in the lose

of molybdenum from many small ureas.



COIFtIVhNTIAL.

S~- 181 -

(2) Under sinilar conditions AL, WV and AP were Il.' less

than when double bass powder was used.

fl521i Liner Mo 2950 Coated with molybdenum O.003 thick. Rifled,

lands 0.005' high. Single base IMR powder* gall X-2 bullets. 14 rounds

fired*

This liner was plated twice beoause of trouble in plating op-

omatioo

The second plating was substantially the ease as that described

In 3(C49)o The total plating time was 51 hours.

Retylsoo (1) The plate began to fail at the third round, the

nature of the failure being the same as that already described above.

V753Wi Line oA Mt. Coated with molybdemm 0.005" thick. Rifling,

lands 0.005o high. Single base ZIR powder* Ball V-2 bullets. 40 rounds

fired. Firing sehedule V.

After etching oversisep the liner was heated in vaaw at 10009C

for 11 minutes and cooled. After a slight additional etch to clean the

surfaeo, the liner was plated for 2465 hours at a carbonyl tempoeature of

2900 and a hydrogen pressur of 0.075 ums In other particulars# the treat-

sent was identical with that given the liner in 3(749).

Resultse (1) The plate failed before the 10th round with a

charge of 550 grains and a pressure of only 51,500 p.s.i. The falure

grew worse as firing progressed.

CONF.D!EITI



- 162 -

J(F55): Litnr Uo 315, Coi ted with mnoljbdenum XOJi' tClck,

Rifled, lmnda .O0u5 hig•b. Single b4se 11I0 powder. Ball V-2 bullets.

9, rounds firod. Firing Sciedule V.

Plating )rocedure shown in Tuble XX.

(1) After 20 rounds the solybdenum plazte appearod to be

unchanged, but failure occurred during the next 60 rounds.

(2) Plate was removed from the lrindM only tt the O.i, and 3/4$

beyoud. Plate In the grooves was not damaged.

(3) Failure of the plate occurred where engraving atresses

aere nhigheet hence it may be due to (a) thinnrig of the molybdenum plate

and/or (b) inability of molybdenum plate to with•tnd the engraving stressee

or the wear caused by friction of the bullet.

J(f57t M!w iNo 338. Coated with nolybdenum .00470 thick.

Firia Conditions. Gradually increased loads of single base

LMR powder. BIall 1-2 bullets. Firing Schedule V. Fired 230 rounds.

Plating procedure shown in Table XX.

Regultse Efamination of the fired liner showed (1) plate was

unchanged after the usual 30 pressure roundo, (2) after first eroziou group

there was slight failure on the driving edge of the lend Just beyond the OWe,

(3) the plate was removed from the lands for a distance of 1-7/8 inches beyond

O.R* after the second erosion group ead (4) there wD.s no 91.t. failure in the

grooves*

Test was conoluded because of land ft. ilure.
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J(75~3)s Ltnkr 'Io 31439 C.)! to., At-A O.005 zoLyybdelin.

Firing Conditions, Gr,.dunlly lacrtfAd lo,:du of i,:ngle La;e

W411 joader. &il l.-2 buLutls. iiriag S'cimduJe V. Firmfd LV rfounds.

Plating procedure ,.o'n i •n Table XX

bysulti. ýxxtu iution- o t:,e fird tlincr shonwd (I) f.dl.uro

of tLa pL• t• 5turted on tie driving edge *of tho lu,-(2) an.rlous rcr.!:oval

of the plate frix t.he Lands bad Mrooves-for tats cntirel l-nagt of liner after

the first erosion groupp and (3) groove fallure .robably pwrtly cnused by

gas lol:-kage.

Tet ws coaoluded be•ususe of both ILnd :-.d groove failure.

J(F59): Liur ao 349. Co.ted with .0051 molybdenum.

Ftring Conditions*. Gr3dually Incrensing lods of aingle beis

LI2 powder. Ball I-2 bullet... Firing .'cheduls V. Fired 240 rounds*

Plating procedure shown in Table =I.

Results. Exanination oftth. fired liner showed (1) plate was

adhering to Stellite surface after 240 rounds, and (3) no breaking along the

driving edge of the lands.

3(F74) t Liner No 353. Coated with .0030 zolybdenum.

Firina Conditions. Gradually increasing lopda of double base

(20% E.G.) poader. Bali U-2 bullet.. Firing Schedule V. Fired 100 rounds.

Plating technique shown in Table IX.

Results. Examination :f the fired liner showed (1) plat.

started failing during the first 5 rounds Lnd (2) pressure drop of 13,300,

p.s.i. 3fter 100 rounds.

Test w3s concluded because of this plrte failure.

IO ID-TI



-- 164 -

J(F76) : Ltinr :Io 357. cuo trd Att, .005" moLybdenu•.

rLrinit Condittonu. Grn•du-Illy Ukcr,',alng 1o.',,:% of vIngle

hbius IAR powder. Hall 1"- bullota. Fir•i• :3chedule V. Fircd 10., rOunds.

Plating tesctnnlue uhown In Table XX.

RosaLtn. Examina:tlon of thne fired linor srhowod (1) plate

wio removed from tCi driving ernd leeward edges of the latds for 2-1/2 inches

sad (2) no remov'a1 or plate from grooves.

Test was conoluded because of the lend failure.

3,?7) i Liner Ife 362. Cop-ted with .0050 molybdenum

Ftr••a Conditions* Gradually increasing loads of z1ugle base

L R powder. Ball V-2 bullets. Firing Sohiedule 1. Fired 100 rounds.

Plating te*LM~quo shown in Table XX.

Results. Examination of the fired liner showed (1) failure

of the bond started during the third 5-round pressure groupp (2) after 30

rounds the plate failure extended to 2-1/2 inches beyond the 0.R.9 and (3)

lurge rteas of plate were removed from the land end groove surfxce after 100

rounds. For this reason the test was concluded.

3(FM)s Liner So 366. Coated with .005N molyldenum.

Firing Conditionsi Gradually increasing lo-ds of :Arngle base

1 powder. Ball U-2 bullets. Firing Schedule V. Fired 1i0 rounds.

Plating technique shown in Table XX.

Results. Examination of the fired liner zThowed (1) pibte failure

on the nids started during the 15 pressure rounds at 53,300 p.c.i.(cu.),

(2) plate failure occurred on the leads for a distance of 3/80 beyond the 0.1.

after 100 rounds, and (3) no plate failure In tVe rooves.

Teat wes concluded becauze of the above lund failure.

CO:J~t~JTI(p
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J(FA2) i Ltn-r .•o 367. Coated ,iith .005" molybdonum.

F~ring- CondItions. Gradually Increasing loads of singlA bose

ILM povder. Ball M-2 ballots. Firing Echedule V. FirfA 240 rounda.

Plating tochnique shown In Table XX.

Results. Examination of the firod linor shwed (1) plute

failure on the driving edge of tVe lands sturted during the 15 pressure rounds

at 57#600 p.o.i.(cu.), (2) after 100 rounds the condition of the plate was the

Bane ts in Liner :Io 366 (J(781)), and (3) after 240 rounds 40% of the plate

was off the bullet seat, compltAely off 8 lands at the O0P., and for a distance

of 3/4' beyond O.R. and in moll arneas off tho grooves. Beyond the OoR. the

driving edge of the land was chipped. Test xsn concluded because of this

condltion.

j(•13) i Liner ft 36&. Coated with .0070 molybdenum.

Firini Conditions,. Gradually increasing loads of single base

I= powder. Ball U-2 bullets. Firing Sohodule V. Fired 240 rounds.

?lating technique shown in Table XX.

Results. EzamlJnaton Of the fired liner showed (1) after 100

rounds the only failure was chipping along the driving edge of the lands for

1/109 at the 0.•e., (2) after 240 rounds, the plate was off the edge of the

bullet seat and the driving edge of all lands at the 0D.. and (3) beyond the

0aR. the land and groove surface was unchknged.

V(FP5)* Liner Mo 369a Coated with .00•• molybdenum.

Firing Conditions,, Gradually increasing loads of single base

IUR powder. Ball U-2 bullet. Firing Schedule V. Fired 240 rounds.

Plating technique shown in Table XX.

CO|lllDKNTL•
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Ruult.•. Xxamaution of tr.o firad linr jho*,.d (1) aft,.r 100

roundj t.ie plate was-offr the edge of bull~t uoat, chi.pod on driving edge of

t&l l.ndt at 0.E. and up to 40 beyond O.R., (2) after 240 rounds 50% of ta-

plate was off the b-Llitt scat in the 12 o'clock sector p atrtial1y off the lands

at the 0. B. and off in smaLL Areas in the groove* up to 1-1'ý24 beyond the 0,1,,

and (3) beyond 1-1/2' the plte was Igood condibLonp except for sll•ht chip-

ping on driving edge of lands.

T(F36)s Liner Mao 372. Coated with .007'u molybdenma.

FLrinz Conditionse Gradually incroailng loads of single base

UIR powder. 3.11 X-2 bullota* Firing Schedule To. Fired 240 rounds.

Plating technique shown in Table XX.

R Examination of the firod liner showed (1) no failure

of the plate was observed during the first 100 rounds, (2) after 240 rounds,

slight failure occurred on the driving edge of the lands and in the grooves,

aid (3) beyond 1/4N from the 0.1. the plate wax in good condition*

(1G)z: Liner !Ao 378. Coated with .007' molybdenum.

Firing, Conditions. Gradually increasing loads of single base

IJR powder. Ball V-2 bullets. Firing Schedule V. Fired 30 rounds.

Plating technique shown in Table XX.

Results Examination of the fired liner showed (1) plate failure-

occurred in the firas five pressure romids, (2) continued firing caused more

removal of plate from the lands, and (3) plate failure occurred on the lands

at 3 and 5 o0clock for a distance of 1-1/2 to 2-1/2 inches.

,(F95): Liner No 379•. Coated with .0075w molybdenum.

Firinz Conditions. Gradually increasing loads of double base

(20% N1.G.) powder. Ball 1-2 bullets. Firing Schedule V. Fired 240 rounds.

C-+FIDZNTIM.. b /
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?'tzJktI1u teochique ahown In Tt~ble XX.

E-il ';u.t. Exa-AnatiLun of the. frtrd U1tior ~hmd(1) sia:41 hol~ca

wore mide by teLriag awiiy of the nodules' aftnr 30 preusuro rounds, (2) afttr

100 rounds failure progresuad ,it the n'*.Lt holes &end (2) zovore ?Lrte fail-

ure oroolon of the exposed ,tellite occurred I.fter 240 rounds.

VF103): Lino.r Ug39 Coated with .0080 molybdenum.

Firing Conditions. Grmdually incruasiig lobda of double base

(20% 1.1.) powder. Ball U-2 bulloto. Firing Schedule V. Fired 240 rounds.

Plating teeuuique bhown in Table XX.

ReaUltg. Examination of the fired liner ahowed (1) no failure at

0.R. after 30 roundsaend (2) pli.te was removed from bullet ueht ond groovee

mftor IW0 rounds. The exposed stelllte was severely orodod -.fter 240 round.

a(no"). JIFI0o). n17109) Linors Meo 297, Mo 399. 4o 404. Conted

with e0.0" molybdenum*

_Firing Conditions. Gradually increasing loýds of double base

(20% N.G.) powder. Ball U-2 bulluts. Firing Schedule V. Liner Mo 397 was

fired 240 rounds; the other liners (No 39) -.nd 'to 404) were fired 10W rounds.

Plating technique shown in Table.XX.

Results* The liners failed in the sfae manaor. Exmin•1tion of

the fired liners showed (1) liners 1o 399,andlio 404 showed slight peeling

of plate after 30 rounds and aevere failure after I00 rounds, and (2) liner

go 397 showed slight peeling of ?lte after 100 rounds arid nevere failure

after 240 rounds.

CONF! DWTITtL



J(FlIO)i Lin'.r lo 401. Co'ýtr- w4th .012.51 molybdenia.e

Firingr gonditlonm., Griduft11y incrcez4LIg lands or double bmae

(20% A.G.) po,,dor. Ball U-2 bulIlots. Firing S3chedule V. Fired 240 roundne

?littlae. technilque shown In Table n.

Pit~ultu, F~ain,-tiu of Usze rirod lin,)r ohoaiv.4 (1) alightt

failure of the plata tlong tho edge of tie bull* t neokt tf ter 30 rounds, (2)

af ter 10 ounasi saml. nreao of pl-- to were remioved from the grooves n~az O~*P p

bnd (3) eftor 243 rounds., thore wan severe 3corthg of the exposed Stollit.

ourfzaoee
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6, SPRAY10 ::3 'f. !:;!qo•I•.:

J(F22).lt LgIAyoqau plate wstrayed NA roller wzljJ",ausahurnette

Inotitute of Technology. 8' liner coated with Mo for 2". Smooth bore.

D.F. poNder. Ball. M-2 tulletso 51 rotmds fired.

The method of fabricating this liner was devised by Prof. John.

Nulff. A carbon mandrel was first coated to a thickness of 0.020"-0.050*

.with molybdenum by means of the spraying technique. The coated mandel.

was then sintered in hydrogen to reduce the oxide content and to promote

densification. After sinteringg the mndrel- together with its coatingg

was ground to a 1/320 per toot taper for 20 of its length. The smooth

bore gun steel tube was then ground, to the saw taper mid plated with

0.001" of copper. The mandrel was cooled in liquid air and pressed into

the gun tube by a force of 3M., lbe. The carbon mandrel was finally bored

out and the interior mrface r ound to a dismeter of 0.510.

•• (1) The molybdenum suwrfre developed a deep crack during

the first 16 rounds, but there was no change in its appearance after 51

rounds. The cause of the crack vas probably a lack of ductility in the

molybdenum and a failure to follow the expansion of the-steel line during

firing; (2) There was no choeker-work acking; (3) There us an increas

in diameter of the smooth bore of 0.002' due to permanent expansion of the

liner,.

V I: olbdegm &U oontaini 1/w Mnickel. Spraying and roller

welding technique. Massachusetts Institute of Technology* 8' i steel liner,

coated wit M + 1/2% NJ. for 2'. Smooth bore. D.B. powder•. Ball -2

bulletse. 45 rounds fired.

> 6 T
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The technique of tabricatirig this liner was the same as that

described in J(F29). The plirpoae of spraying nickel with the molybdenum

is to produce a density of the sprayed coating of ovvr 991% a&er sintering

in hydrogen.

82sultge (1) At the end of 10 roundo the ooating-b•A 3 longitudinal

cracks at the breech end of the liner, After 45 rounds there were 7 such

cracks, 3 of whikh were at the aussle end of t~e coating. The cause of

the cracking was the same as In J(F29); (2) There was no checker-worki

(3) There was an increase in diameter of the smooth bore of 0.0025" due to

permanent expansion*

VEza8 VlvMdeMI nla_. containina 112$ nickel aImS eogae

Spraying and roller welding technique. Massachusetts rnstitute of Technolog.

8' steel liner coated for a lergth of 20. Smooth bore. D.B. powder. Ball

M-2 bullseto 45 rounds fired.

The technique of fabricating this liner was the same as tUat

described in J(F29).

Remulti. (1) The only difference between the erosion obeerved and

that described in J(F30) and J(F29) is that more cracks developed and the

surface was pitted.

C0!FIDITI
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7. U,7c1R L',IIrE cT -

L : Parco Lubrite coatI,& • _ionlo'o ,larrel. Coating

0.0005" thick. Rifled, lans 0.01." high. .13. ;owIar. A.T. 2opper banded

bullots, 159 rounds fired*

The Farco Lubriti coatine produoes ,t che:Aicil reaction on the bore

surface which results in a non-metýlUli oll-absorptiva film consisting

chiofly of a mixture of Iron awd manzganese phosphates. The g"n bore was

givon this treatment by the Parker Rust i'roof Company, Detroit# M4ichigan.

jj.jj,. (1) There was sovere crucking and incipient melting of

the bore surface at and beyond the O.R.; (2) A comparison of the erosion

characteristics of this test with those in the control tests C(F6) and

C(F12) shows that the Parso Lubrite bore does not improve the performance

of the barrel even in a single particular.

C0IFIDQTIAo.
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Comments by J. F. Schairer on AMFinal Report from the Franklin
Institute entitled, "The Behavior of Gun Liners and
Coatings Tested under Conditions of Hypervelocity "1

page 1

Chromium plate is not listed as one of coatings tested

The Harvard Report lists Cu plate--this is not covered at all

,in the FI report

last line - Change "as the outer coating" to "as the bore

surface material"

page 2

Under section 1 line 2 add "breech" after the word shorts

line 3 add "bore surface" before coating

page 5

Wby not state in what direction "copper" pressures differ

from true piezoelectric measurements of pressure

page 6

line 2 - insert the word "breech" before "liner"

The sentence forming lines 6 and 7 is ambiguous (the phys.

properties were not "thus tested in the form of liners")

Table II, p. 7

Table II is unsatisfactory as follows: No data on elongation

or reduction of area are given. These have an important

bearing on behavior the liner. The data quoted under

SAE 4150 is that for WD 4150. In Table II since no compn. I)
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Table II (comments continuod)

is given for silicon steel properties mean nothing. The mp

of Cr is taken from Internat. Critical Tables and does not

represent the better data obtained by Climax and Westinghouse.

Data for cobalt is for cast metal which values have little

"bearing on properties of plated metal - same applies to copper

Mo tensile strength 256 - 315 x 103 psi should be explained - only

on fine wirenot on material of suitable size for a liner.

Also hardness varies with amt. of mechanical working.

W - 577.4 x 103 psi for tensile strength should be explained -only

on fine wire.

Some data on tensile strengths of Cr-base alloys are available

in Climax reports.

Table III, p. 8

line 2 - "SAE 4150" should read MD 4150"

Why is SAE 9260 included in this table?

Is nothing more available on the silicon steel than that it

had 4.7% Si?

Under stellite No. 21 ranges of compn. are given except for Mo

and there is no mention of Ni (which is always present) and

iron is more than a small amount - why not use the Army speci-

fications for stellite No. 21 compn.?

Why is stellite No. 6 listed here? It was not tested at FI.

page 13 section 1 (a) line 1

"better" Lh- what?

section 1 (a) line 4

Change to "manufacture from metal powder by powder

metallurgy"
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page 13 (continued)

section 1-(a) line 6

Change "proper work nnd heat treatment" to "intensive

mechanical working accompanied by suitable annealing

treatments"

section 1 (a) lines 7 & 8

Change to "Powder metallurgy ingots intensively worked

in only mne direction give etc"

section 1 (a)

At end of first paragraph add the sentence:- "Hechanical

working (cold work) increases the strength, hardness and

ductility of molybdenum"

section I (a), second paragraph,

Change first sentence to "Many of the early liners tested

had no mechanical working or insufficient mechanical

working and consequently they failed after a few rounds

by longitudinal cracking or by surface cracking and

spalling of metal."

p. 13 near bottom under Low Hot Hardness

Change first sentence to:- "Pure unworked molybdenum or

pure molybdenum which had had insufficient cold r'orking

has been shovn to be too soft at the temperature reached

in guns during firing to vwithstand the engraving stresses.

As a result there is a gradual deformation of the rifling

(particularly at or near the origin of rifling) by the

swaging impact of jacketed ot banded projectiles."
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pago 14

line 1 - after "hardened" add "either by intensive cold working

or by a combination of alloying and cold working,"

lines 3 & 4 - after "material" say "shows excellent resistance

to powder gas erosion"

under "Low Coef. of ExDansion" line 4 - change "out of line" to

"out of alignment'

and line 5,at end of this line add "from rotation"

page 14

under "Low Coef. of Expansion" near bottom of page

change line I "corrected" to "counteracted"

page 17

Comment on item(3) Barrel Temperature Measurements

This item is of general interest not only for lMo liners but also

all liners tested and should be moved to section A(3) "Conditions

of Firing" which begins on p. 3 of this report.

page 22

under (4) Composition - Change first sentence to "The pure

molybdenum so far tested was too soft to withstand engraving

stresses without some deformation of the rifling." and add

"It may be possible to correct this by a change in the fabri-

cation process to start with larger metal ingots which will

permit more hardening by intensive cold working."

and in line If-delete "(hot workinW" - in the case of molybdenum

most of the forging takes place below the recrystallization

and althoughohotmis really cold working.
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'page 22 Under (• Composition in line 4

After the word "comparison" put an asterisk and the following

footnote:

"Attention should be called, howeverp to the fact that these

liner materials were produced while developing a fabrication

schedule and the several materials were not all subjected to

the same amount of cold working or comparable working and

annealing schedules."

page 22 Last sentence - Change to "These results suggest that Mo with

0.1% Co gives the best and most consistent performance."

page 30

First line - insert the word "east" before "chrome base alloy

liners."

page 31

Line 8 - change (d) to: "Dimensional changes due to improper

stress relief of one of the liner castings caused a bore

constriction thereby resulting in excessive powder pressure"

page 35 of page

SAdd&(e) Tantalum is available only in thin walled seamless

tubes. If tantalum liners were used it would be necessary

to find a satisfactory method of attachment in the gun bore.

In order to perform the-'sItAthethin walled tubes were

inserted in a steel shell and the tantalum held in place by

a deliberate galling of tantalum against steel.
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page 36

line 1 - after "boredrilled" add "from cast tubes"

line 4 - Change "Stellite is" to "Stellites are"

line5 - Change "It is" to "They are"

line 7 - Change "alloy" to "alloys" and "is" to "are"

line 8 - Change "it has a melting point" to "Stellitos have

melting points" and lines 8 and 9 "being" to

"and lie in the range between 1250 and 1320_uC.

page 40

last line of (2) z-nickel - change to "is characteristic of

most high-nickel alloys"

page 46

2nd'last paragraph on this page -

I would notA use the words "adheres well." In the process just

described, there is no question of lack of adhesion (inadequacy

of the chromium to steel bond) but failure is by undercutting.

I would say "there is no undercutting and the chromium remains

on the steel bore surface."

page 46 2nd last line -

Change "adhering" to "remaining" or delete "adhering"

page 57

Under Conclusions

(a) Change to "Chrome plate is resistant to powder gas erosion

(both chemical' attack and melting)."

page 60

Change first sentence to "AI- -the liners tested failed by melting

of the surfacd."
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page 62

Under (a) Composition

Change 2nd line "Severe gas erosion" to "Mlelting"

Just below middle of page - delete "gas erosion" and take

"(melting)" out of parentheses

page 63

Under (1) Types of Failures Observed -

This report lists only low melting point. The Harvard Report

also cites lack of chemical resistance.

Under Low MAelting Point -

Change to "All liners failed by a combination of chemical

attack and melting."

a on p. 148 of the F.I. report the cause of failure is

stated as poor bonding. There is no mention of poor

bonding in the Harvard Report.

page 65

Under item (1)

Change last sentence to "Practically 100% of the plate was

removed from the bore surface principally by melting but the

removal may have been accelerated by simultaneous chemical

attack presumably by sulfur from the powder gases."

Under (3) Conclusions

Change to "Nickel-tungsten alloy plates do not have the proper

combination of thermal properties and resistance to chemical

attack by powder gases for bore protection under hypervelocity

conditions."
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Under (a) Fronion Resiztant Properties of the Duplex Plates Tested

The first sentence is not quite a true statement. When .0071" Co

+ .0031" Cr wac one of the duplex plates tested one can hardly

say "All the duplex plates tested have used chromium as the

main plate to protect the gun steel against the thcrmal effects
'I

of powder gases.

After the end of the first paragraph under this section I would

add something like this - "Undercoats beneath chromium plate

were tried to improve the performance of chromium by preventing

the "mushrooming" of cracks in steel beneath chromium as de-

scribed on page 46 of this report. Erosion resistant metals

(or materials thought at the time of test to be erosion

resistant--viz, nickel) were used as undercoats even though

their melting points were known to be relatively low."

Then add a paragraph-

"In the case of a thick undercoat (0.007") of cobalt under

0.003" of chromium, the duplex plate prevents thermal altera-

tion of steel. Ductile and chemically resistant cobalt is

protected from melting by the chromium. When the chromium

plate cracks, powder gases entering cracks reach chemically

resistant cobalt instead of easily attacked and altered steel.

The cracks do not "mushroom." "

page 67

Items (f)and (g) near top of page

The purposes alleged for these tests are at variance with allega-

tions in previous sections of the F.I. report, where it was
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page 67 (continued)

pointed out that adherence of Cr plate was not a problem

and that underc ng,,and chcmical attack of steel beneath

the plate caused failure. The purpose of tests of (f) and

(g) should have been to provide

(1) an erosion resistant base (and in the case of the

Co-W alloy a base that was both erosion resistant and hard

enough to prevent deformation during firing) which would

improve the utilization of Cr with its high melting point

but unfortunate tendency to crack.

page 71 first line

What is meant by "severe gas erosion' - melting? or chemical

attack? or both?

page 97

Under E(F ) wand E(F6) - Liner made by boring a 3/4w swaged rod

Under E(F7) - Liner B-16-4 was bored from a rod of unworked

molybdenum

and E(FIO) - Liner made by boring a 3/4" swaged rod

page 99

Under E(FII) - Liner made by boring a 3/4k swaged rod

page 118

Under E(F29)

Line 7 and line 9 - Change "due to volume change in the Cr-base

alloy" to "due to dimensional changma An-the bore -probably 2

caused by failure to relieve casting stresses"

(No volume changes have been. observed.- in Cr-base alloys.)
' l
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page 113 (contd)

Under E(F30) Results section item (2)

Change to "Constriction of grooves due to dimensional changes"

page 145

Under M(F36) Results section

Explain "powder gas erosion" by parenthetical "(melting)".

Under M(F37) Results section item (2)

Explain "severe gas erosion" by parenthetical "(melting)".

page 146

Last sentence under J(F38) - What is meant by "powder gas erosion"?

melting? or chemical attack? or both?

page 148

In both tests W(F32) and M(F33) the statement is made that failure

was due "to the lack of a good bond between the alloy and

steel surface" or "plate was removed probably as a result of

poor bonding"

This does not check with "types of failure observed described"

on page 63 of this F.I. Report or with Harvard's findings.

page 149

Under 3(F19) last few words

What is meant by "powder gas erosion"? chemistry? or melting?

or both?

pages 149 & 150

Last few words on p. 149 and first few on p. 150 - This does not

check with the statement made on p. 70 of this report where

S¢-,I



pages 149 & '150 (eontd)

.both --oftoning and cracking around crystal grains admitting

gases to the underlying stool were given as reasons for failure.

page .150

line 2 - Explain "powder gas erosion"-- chemistry? or melting?

or both?

page 151

lines 6 and 9 - Explain "powder gas erosion"

page 154

middle of page -Fxplain "powder gas erosion"

page 159

near bottom of page - 4th & 5th last lines - Has it been shown

that stellite No. 21 "is not resistant to the attack of the gases

from double base powder"? Is not the effect of such gases merely

a thermal one (melting)?

page 167

lines 4 and 5 - There is a word missing, probably "and"

SL''V
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Dr.-1. B. Allen, Deputy Chief L i~ ~ .

DivIAL-on One, NDRC V
The Franklin Institute • 1
Parkway at 20th Street ., ."i,
Philadelphia 3, Pennsylvania

Dear' Dr. Allen:

Franklin Institute Report on Gm Liners etc.

Herewith I am returning copy No. 2 of the report by the Franklin Institute
under contract OEDsr-533, entitled "Final Report on the Behavior of Gun and
Coatings under Conditions of Hyper Velocity". This is an excellent conmbiu-
tion and I am delighted that it has been prepared. The following are a few
comments which I offer for consideration in connection with its final review
by your office.

On Figure 25., which follows after page 58, the O.R. at the end of the
second line of the legend is likely to be confusing to some readers - as
it was to me on first looking at it. I missed the periods and, until I
came back to it a second time, read this as Nor". If it is not convenient
to expand the abbreviation on the diagram, perhaps the periods could be
made a little heavier before final reproduction.

Page 10, line 8 from bottom. The word "meltingN is given in quotation
marks, presumably to leave it an open question as to whether erosion in a
gun is characterized by a melting of the bore surface. This appears to cast
umnecessary doubt on the reality of melting, which, as a result of some of
the investigations under Division One, seems to have been thoro%-hly es-
tablished.

Page 13, line 2 from bottom. It probably would be desirable, for easy
reading, to add the word "pure" before the word "molybdenum".

PNe 24a, section 6c. ". • • the following composition and design
CTRY
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Dr. 14, B. Allan -2- 29 Octobur 1945

chitractoristics have given the best results ... " The list includes tho two-
!It•ve conntruction; but on page 21 it is adnitted that the twisted two-,tave
liner remained in butter condition than a straight two-stave liner. Perhaps
a further explan-tlon is needed as to what is meant by "best results".

Page 72, section 5. A fw-ther word or two in explanation of the differ-
ence in process of applying the molyblenun plite, in compsrison with the previous
electropl3tes might be desirable.

There is another matter of verbiage in this and other reports that I
would like to cial attention to, although it may not be practicable at this
stage to do anythlng about it. I refer to the use of the word "chrome" in
place of "chromium" whenever it precedes "plate" or"plating". Apparently,
chrome is an allowable synonym, but I see no point in using it except to save
a trifling amount of space. The word chrome is more general in meaning, and
in some cases, therefore, less informative. Thus, we have chrome-tanning
as a process using chromiuu salts and we have chrome-brick for articles con-
taining some chromite. If we mean chromium to describe a certain composi-
tion of plate, why do we not use that word? This is probably relatively
unimportant but I thought I would raise the question.

Very truly yours,

L. H. Adams
Chief, Division One

encl
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Letter of Submittal

Divifion One
National Defense Research Committee

of the
Office of Scientific Research and Development

Washington, D. C.

28 J)'ne 1946

My dear Mir. Norcross:

£ have the honor to forward herewith a report entitled
OThe Behavior of Gun Linerwand Coatings ?e.stod Under Gonditions
of Hypervelocity'. which had been submittod to DvIsion One by Dr.
Nichol H. Smith, Technical Reprmsentaitive for Contract O=Ir-537,
with a letter of trnnsru'ttal dr.ted 16 October 1945. It is to be
considered the final report of. thit secific project under con-
trAct and ckyver. the work perforrved from 1 August 1942 t6 28 Feb-
runary 1946,

The work described in this report i pertinent to the
project designated by the Wair Depr.rtment zs 041-52 ortitled 'Gun
Zrosinn, Including Hypervelocit7 Gun Stuliee,".ond tL the project
designateI by the vavy DepE..rto.-.nt e 70-23 ontitled Gwin Erosion.1
During its later stages it was carried out under the Clidanoe of
the Rrowion Project-Control Committee.

I have accepted this report eaid have emproved it for dup-
lication and issuance as a for-•.l report from DtAsion One to the
Nationnal Defer.e Reiearch Committee. The initihl. diztrt•bution of
the report aprpars on the following pap

?espectfully subr~ited.

L. H. Adams
Chief, Division One

.14r. Cleveland Norcross, ".xecutive Secretary
Natior.al Defense Research Comnittee
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Erosion-Raistant llhtnrlals Progr.-m of Diviaibn 1, IfDR

In anearly stage of the studies or gun aro3ion by Division 1, 1D01C, the conclusion
was reached that, because of their lack of resistance to thermel and chemical attack by
powder gases during firing, no steels or hiph-iron alloys showed promise as bore-surface
materials under severe firing corditiois using conventional propellants. Y•t steels are
the only materials of adequate strength and ductility that are available in sufficient
quantities for gun tubes. Therefore, in order to protect the bore surface of such steel
tubes from contact with powder gases (at least near the breech end where poader-gas ero-
sion is most severe), attention ins eoncefltrated on the development of suitable erosion-
resistant liners, linings, electroplates, and other coatings.

laboratory tests showed that only the following pure metals were resistant to chem-
ieal attack by the powder gasess chromsium molybdenum# tungsten, tantalum, nickel, co-
balt, and copper. Only the first four of these have a sufficiently high melting point
for severe service under hyperveloeity conditions, where melting is an important factor
in the failure of a steel gun-bore surface. Other tests showed that in addition to
suitable resistance to thermal and chemical attacks a bore-surface material must have
sufficient hardness and strength at temperatures attained during firing to prevent def-
ormtion of the rifling by impact of the projectile and must be sufficiently ductileto
prevent serious failure by cracking.

In the fall of 19,2 efforts were started an the preparation of chromium and molybde-
num in form suitable for use as gun liners. By the following summsr prelimiryr7 testa of
molybdenum liners had emphasised the importance of hot-hardness as a characteristic of a
successful gur-liner material. Further study of this phase of the subject led to the
discovery that the stellites, which are cobalt-chrodum alloys that haVe the property of
hot-hardness, are eronion-rosistant as long as the bore-surface temperatur, is not too
bhigh. By that time the experience of aerial coaat during World ,Har II had indicated
that erosion us limiting the performance of the caliber .e0 aircraft machine en.
Application of the discovery of the erosion-resistance of stollites to this problem led
to a remamkabla increase in the perf•o•race level of this gun. A parallel attack on this
same problem led to the development of nitrided, chromium-plated caliber .50 barrels.
Eventually it was found that an even better barrel ,as obtained by using a stellite liner
with the steel bore chremium-plated ahead of it, •rovided that the steel barrel eas
strengthened by making it slightly heavier (especially at the forward end of the liner)
and perhaps by using a special steel having greater strength at high temperature.

Experience with stellite liners in the caliber .60 machine gun, which has a muzzle
velocity of slightly over 35O ft/see, showed that this alloy is "narginal" with respect
to its use in a hypervelocity gm. In this particular application a stellite iner lasts
long enough to furnish a useful gun-barrel life, but when it fails, it does so by malt-
im along surface cracks. That fact coupled with the observation that the surface of a
stellite liner melts when fired with double-base powder, even at velocities around 3000
ft/see, showed that a material of higher melting point vas needed fo• general use in
hypervelocity guns, that is, ones firing at muzzle velocities greater than 3500 ft/sec.
Pence the search for such a material was continued at the same time that further efforts
we made to extend the application of stellite.

Some phases of both groups of investigation were carried out by the same contract-
ors of Division 1, among hom a remarkable spirit of cooperation vs evident. This co-
operation eas fostered by the formation in October 194h, of the Resistant-%terials Pro-
Ject-Control Committee, to the monthly meeting of 'which the different contractors sent
representatives. It was only through their continual willingness to help each other that
so much us accomplished in such a short time.

During World War Il caliber .50 gun barrels that had been nitrided and chrcomium-
plated and others that had had stellite liners inserted in them mre used in combat. Pro-
duction of stellita-Iinod barrels of other sizes mes ready to start at the time of
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Japanese surrender. Tho farthr application of stellite nrd othtr hot-hAM alloys to
small-rms barrels is b)inq continued by the Crann Com;,iny for tho 'Mar Depirtment. Con-
tinuation of the investigation of chromium electroplates, of dcllox eloctroplates of chro-
mium and other metals, ani of alloy electroplates of various pairs of metals at the
Natioral Bureau of Standards is being supported jointly by the War and Navy Deartment.

The most promising material for gennral hypervolocity service appears to be a hard-
onod molybdenum. Sufficient progress was made in its development during World Uar It so
that nowthe Navy Department is supporting the efforts of the Wostinghouse Electric Corpo-
ration to make this material in a form suitable for gun linors, following the plans devel-
"oped under the auspices of Division 1, NDRC. Similarly. the VWr Dopartment plans to have
the Union Carbide and Carbon Research Laboratories con~tnin the development of ochrium-
base alloy.s which also appear very promising for hypervelocity service. Vapor-phase
plating does not appear to be suitable for gun bores, and therefore it is not being con-
timed for this prpose, although it may have industrial applications.

Thus the resistant-waterials program of Division 1p WIIRO, daring the past three ant
a hl years has led to the devlopment of a very successful solution to the erosion pro-
lea In machine guns ant rarroed the search for bors-surface materials capable of out-
standing perfmno* under hypervelocity conditions to three elearly defined progra, all
of which are now being pursued by the Armed Services. The work carried out by the con-
tractors of Division 1, 1NDF4n the development of erosion-resistant materials is describ-
ed in a series of 28 reports. They an listed on the following pages for convenience in
reference and also as an indication of the scope of the resiatant-eAterials prognm To
then have been added the titles of five other reports dealing vith stellite liners and
ehromum-platod gun bores# which wre prepared under the supervision of the Limrs and
Coatings Project-Control Committee.

J. S. Burlew, Chairman
Deoeerbe 11, 19!I

J. F. Sohairer, Secretary

Resistant-ibterials Project-
Control Comdmitee

Division 1, DRO

CONFIDENTIAL
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REPMIU3 1SI•;D BY DIVMMION 1 ZDRC, DFALIN MTH !-OZSION-RESITANT LMAT.IALS

Roport , ibnr
0 . ? Title, Author, Contractor

A. Goniral ahterials Testing and Liner Development

A-I :8 1249 '%tals tested as erosion vent plugs," by 0. H. Loeffler, G. Phair,
and 11. 3 Jorabek.

Geophysical laborator-y, C.1.7;., Contract OEWrsr-51
A-JO3 6b•th "The results of crosion vent-plug tests particularly under conditions

of decreased severity and their application to the erosion of guns,N
by I1. 5. Jorabekkl 0. Fhair, D. Enagonio, and C. A. lacQuald.

Geophysical'Uaboratory, C.I.W., Contract CE'lsr-51

A-404 6h75 "The behavior of Mun liners and coatings tested under conditions of by-
pervelocity," by U. It. Srith.

Franklin Institute, Contract OEtbr-V33

A-,105 6h76 "I.Itallographic examination of Mun liners and coatings tested under

conditions of hypervelocity," by J. N. Hcbstetter.
|hrvard University, Contract 0Elbr-537

A406 6 477 "Erosion tests of materials in the form of short liners in a caliber
.30 machine-giun barrelO by J. Wulff.

Johnson Automatics, Inc., Contract OEIbr-465

A-407 6478 "Search for erosion-•sistant materials for guns by firing particles

of metal and alloys into a vacuum to determine their structural and

•homicol behavior," by E. Pos!-ak.
Geophysical laboratory, G.I.W., Contract OELzsr-%1

xx, mxmxxyxx=

A408 6479 "Gun-barrel liners - materials, insertion, and testing," by F. D.

Cottornan, U. A. Ziegler, and J. P. 'Lhgos.
Crane Company, Contract OEMsr-629

A409 6b80 "The testing of erosion-resistant materials and the development of ima-
proved machine-Irun barrels," by E. F. Osborn.

Geophysical laboratory, C.I.W., Contract CEI-Ir-51

A-410 6 48 1 ".0romressive centrifugal Inselting for the preparation of alloy tubes,"0
by P. H. Brace.

Westinghouse Research Laboratories, Contract OE!sr-915

B. Chromium, Chromium Plating, and Chromium Alloys

A-78V 2082 "The preparation of chrohiun1 by the thermal decomposition of chromium

iodide," by D. R. 'Moshar.
Westinghouse Research laboratories, Contract OE!-ar-915

A-l411 648 2 "Chromium and chromium-base alloys as materials for gun liners," by
P. H. Brace, J. F. Schairer, and N. A. Ziegler.

Westinghouse Research Laboratories, Contract OEMsr-915

A-4102 6483 "Experimental electroplating of gun barrels," by TI. Blum, A. Brenner, and

V. A. lamb.
National Bureau of Standards, Transfer of Funds from OSWD

A-413 6484 "An illustrated study of the effects of firing. on chromium-iated
bores of caliber .5O machine quns,' by H. E. Merwin and M. Sullivan.

Geophysical laboratory, C.I.W., Contract 0BLsr-51

A-4l1 6485 "Symposium on chromium-plating, ;'ashington, D.C., hy 14, 19U3."

Division 1, IDRC

C 0 N F I D E N T I A L
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'OR- U5,70 Title, Author, Contractor

A-415 6486 "Development of chromium-base hot-hard alloys as gun-linrr materials,"
by it. II.. Parke and F. P. Bens.

Cliax !5olybdenum Company, Contract OErsr-1273

C. Stellite and Other Hot-Hard Alloys*

A-416 6487 "Stellite No. 21 as a material for gun liners - metallurgy and prop-
erties," by W. A. V.ssler. I

Union Carbider and Carbon Research laboratories, Contract OEIsr-1330

A-4l 7 6488 "Studies of the application of stellite No. 21 to gun bores," by T. H.
Gray and D. R. Uosher.

Westinghouse Research laboratories, Contract OElsr-915

A-18 6489 "Investigation of certain methods for making gun linings of stol~itG
and other erosion-resistant materials," by J. Wulff.

Massachusetts Institute of Technology, Contract OZMbr-6

A-453 6524 'Production of stellite liners by centrifugal casting," by W. H.
Stallenberger.

Industrial Research laboratories, Contract OSELr-1l42

A-M7 6518 "Pilot plant for production of modified caliber .5O machine-gun barrels
.ith stellite liners,* by R. A. Misller•, F. D. Cotterman, and J. P. Ibgos.

Crane Company, Contract OEtsr-1I1l4

, A-4 6526 "Production of modified caliber .30 machine-gun barrels with stellit.
livers," by !.4 L. Johnson, Jr.

Johnson Automatics, Inc., Contract OE?.szr-lh33

A-463 6 534 "Production of modified caliber .30 machine-gun barrels with stellite
liners."

Remington Arms Company, Contract OL~br-1h38

A-019 6490 "Preparation and testing of 37-m stellite liners,* by J. S. Durlew.
Division 1, NDRC

A-420 6491 "Refractaloy 0 as a liner material for caliber .50 barrels,* by T. K. Oray.
Westinghouse Research laboratories, Contract OE~ar-915

A-4,6h 653ý "Hastelloy C as a liner material for machine-gun barrels," by F. S. Badger
and V. A. Wissler.

Haynes Stellite Company and Union Carbide and Carbon Research Labora-
tories, Contract OE1sr-1330

0. Vapw-ftue Flating

A421 6492 "Pyrolytic plating from the carboIyls of molybdenum, tungsten, and
cldomium," by L. H. Germer and J. J. lander.

Bell Telephone laboratories, Contract OELr-1184

A-422 6493 "The semd-comercial preparation of molybdenum carbozyl," by A. L. McCoy.
Clirax Molybdenum Company, Contract OE.r-1320

A-41 6472 "The synthesis of chrdmdum hexacarbonyl," by B. B. Omen.
Yale University, Ontract OE)!r-1318

A-402 6473 "Pyrolytic plating of chromium from the vapor of chromium hexacarboraift
by B. B. Owen

Yale University, Contract OEMsr-1318

S. Naybenus

A-423 6494 "Fabrication of molybdenum for use as a gun-liner material," by J. W.
-arden.

Westinghouse Lamp Division, Contract OEg.r-1205

1L-424 6495 "Development of molybdenum for gun liners," by P. H. Brace.

Westinghouse Research Laboratories, Contract OEMsr-915

A-1,25 6496 "Experiments on the melting of molybdenum," by F. Palmer.
Clinax Molybdenum Company, Contract CE.sr-1273

- Westinghouse Research laboratories, Contract OELIsr-915

"See also Report A-L48 (OSMD-6479) listed under Croup A. so-so*
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